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GENERAL INTRODUCTION

GENERAL INTRODUCTION

The mammalian immune system can be divided into two sub-systems: innate and
adaptive. Both systems work closely together and ensure protection against infections and
cancer. Cells of the innate immune system include myeloid cell types such as neutrophils,
macrophages and dendritic cells (DCs) (1). Collectively, they provide the first line of defense
against pathogens. Innate immune cells recognize ‘pathogen-associated’ or ‘danger’ signals
associated with certain classes of pathogens or with cell damage. However, innate immune
cells cannot always eliminate infectious organisms. The lymphocytes of the adaptive immune
system have evolved to enable a more specific and diverse means of defense. Additionally,
they can protect better against repeated infections with the same pathogen (2). The cells of
the innate immune system play a crucial part in the initiation and subsequent direction of
adaptive immune responses, and participate in the removal of pathogens that have been
targeted by an adaptive immune response. Cells of the adaptive immune system include Tand B lymphocytes. With the use of specific B-cell receptor (BCR), B cells are able to recognize
intact antigens mostly consisting of soluble molecules present in the extracellular space.
Upon B cell activation and maturation, they switch from synthetizing their BCRs as integral
membrane protein into a soluble version, known as antibodies. Subsequently, antibodies
bind to their cognate antigens on the surface of pathogens and mediate their neutralization
or ‘tag’ them for destruction by the cells of the innate immune system (1).
Initiation of the T cell response depends on the activity of DCs. DCs are a specialized
cell type that lies on the interface between innate and adaptive immune responses. On one
hand, they can phagocytose infected and damaged cells or cellular debris and perceive
‘pathogen-associated/danger signals’ and on the other hand, they can initiate the adaptive
response of T lymphocytes (3). DCs can take up and process parts of infected or transformed
cells and subsequently present these as antigens in the context of an MHC molecule. T cells
recognize antigens on the surface of the DCs by the means of a specific T cell receptor (TCR).
A large clonal diversity of TCRs ensures that many antigens can be recognized by different
T cells and selective T cell responses can be raised. MHC molecules consist of different
subgroups. MHC class I molecules are expressed on all body cells. MHC class II expression is
largely limited to cells of the immune system. DCs serve as professional antigen presenting
cells and express both MHC class I and II molecules on their surface.
Depending on their specific functions, T cells can be divided into two major subtypes:
CD8+ and CD4+ T cells. Main role of CD8+ T cells is to recognize antigens in the context
of MHC class I molecules and mediate cytotoxicity of target cells. CD4+ T cells are able to
recognize antigens in the context of MHC class II molecules and therefore play mostly
immunomodulatory effects. Depending on their subset, CD4+ T cells mediate either
stimulatory (conventional T cells) or inhibitory (regulatory T cells) effects on the immune
response (4). The activity of CD4+ T cells prevents unwanted and possibly harmful immune
responses. Optimal T- and B cell responses are dependent on the provision of help by CD4+ T
cells. B cells can process and present antigens in the context of MHC class II molecules. CD4+
T cells can subsequently recognize these antigens and mediate functional maturation of B
cells. Initiation of the CD8+ T cell response (or CD8+ T cell priming) depends on the activity of
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DCs. Activated DCs express certain costimulatory molecules and cytokines that are required
for optimal proliferation and differentiation of CD8+ T cells (5). In the case of infection, DC
activation relies on the recognition of pathogen-associated molecular patterns (PAMPs).
However, as most tumors do not offer DC-activating signals, in order to initiate a CD8+ T cell
response to cancer, DCs need to present antigens via MHC class II molecules. Subsequent
interaction with CD4+ T cells can mediate their maturation. An antitumor CD8+ T cell response
can be initiated when DCs present tumor peptides derived from extracellular sources in MHC
class I molecules (a process termed ‘cross-presentation’). CD4+ T cell help was found to be
essential for CD8+ T cell priming by cross-presented antigen (6). Recent studies have shown
that different DC subsets play a role in the initiation of CD4+ and CD8+ T cell responses, and
subsequent delivery of CD4+ T cell help signals to CD8+ T cells (7,8). The first priming step
occurs for CD4+ T cells and CD8+ T cells in different areas of the lymph node or spleen and
in a non-synchronous manner. Next, in a second priming step, CD4+ T cells and CD8+ T cells
interact with a specific subset of the same lymph node-resident DC and the help signal is
delivered (7,8).
Three major bottlenecks need to be overcome to raise an anti-tumor CD8+ T cells
response. Firstly, T cells specific for tumor antigens need to be present. Most self-reactive
T cells are deleted during their development in the thymus and most tumors offer only
antigens that are derived from endogenous proteins (9). Therefore, cancers carrying
foreign antigens, such as virus-derived proteins, and those with a high mutation rate that
consequently present neo-antigens, are most likely to be recognized by CTLs. Secondly, DCs
need to be activated and offer appropriate costimulatory signals to T cells. In the absence
of those, tumor-reactive T cells can become anergic or immunosuppressive activity of Treg
cells can be promoted (10). Thirdly, tumor-reactive T cells might be inhibited in the immunosuppressive tumor microenvironment. An example of such mechanism is expression of
inhibitory molecule PD-L1 by tumor cells. Interaction with PD-1 on the surface of CD8+ T
cells can mediate suppression of their cytotoxic function (11). Alternatively, some tumor
cells have also been shown to downregulate the expression of MHC class I molecules and
overcome the recognition by CTLs.
Targeting these bottlenecks has been a main focus of current anti-cancer immunotherapy
strategies. By the means of vaccination, certain tumor-antigens can be specifically targeted.
Inclusion of MHC class I and class II epitopes in the vaccine can result in priming of CD4+ and
CD8+ T cells, leading to appropriate DC activation and CTL differentiation (12,13). Tumorassociated immune-suppression has been targeted by the use of immunomodulatory
antibodies. Blocking PD-1/PDL-1 interactions has proven efficient in multiple tumor types
(14). In the tumor types where MHC class I expression is downregulated, activity of NK cells
could be promoted. NK cells can recognize and kill cells that have lost or downregulated
MHC class I expression (15). Induction of cancer cell death by radiotherapy or chemotherapy
can lead to the release of tumor-antigens and increase the chances of tumor-specific CD8
T cell priming (16). Over the last 8 years, immunotherapy has come to the forefront in
the treatment of certain cancer types. Combinations of immunomodulatory antibodies with
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vaccination, chemotherapy or radiotherapy are currently under extensive investigation in
around 1100 clinical trials (rising from about 100 trials in 2014) (17). It is therefore important
to understand what are the main requirements for optimal CD8+ T cell priming and how
the efficacy of current immunotherapy strategies can be maximized to reach effective
immune response against cancer.
The scope of this thesis is to explore the role of CD4+ T cell help in the cytotoxic T cell
response. In particular, I have described molecular mechanisms by which both primary
and memory CD8+ T cell responses are enhanced by CD4+ T cell help. Moreover, I have
examined the role of CD4+ T cell help in the response to immunomodulatory antibodies
in the context of anti-cancer vaccination, highlighting the importance of ‘help’ for optimal
anti-tumor immunity.
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Cancer immunotherapy focuses mainly on anti-tumor activity of CD8+ cytotoxic T lymphocytes
(CTLs). CTLs can directly kill all tumor cell types, provided that they carry recognizable
antigens. However, CD4+ T cells also play important roles in anti-tumor immunity. CD4+ T cells
can either suppress or promote anti-tumor CTL response, both in secondary lymphoid organs
or in the tumor. In this review, we highlight opposing mechanisms of conventional (Tconv)
and regulatory (Treg) T cells at both sites. We outline how current cancer immunotherapy
strategies affect both subsets and how selective modulation of each subset is important to
maximize the clinical response of cancer patients.
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INTRODUCTION
CD8+ cytotoxic T lymphocytes (CTLs) are a major force of adaptive immunity and a perfect
weapon to combat cancer. They can specifically recognize intracellular alterations as
peptides presented by MHC class I on almost all body cells and efficiently mediate
cytotoxicity. In order to ensure their beneficial role, they are controlled on multiple levels.
Negative selection of self-reactive T cells in the thymus is a primary mechanism by which
immunological self-tolerance is maintained. Nevertheless, self-reactive T cells are found in
tissues and blood of healthy individuals that have apparently escaped from this selection
process (1). Such self-reactive T cells need to be controlled by additional mechanisms to
avoid harmful autoimmune responses. For this purpose, peripheral tolerance mechanisms
exists that rely on the non-activated state of DCs and the activity of specialized regulatory
(Treg) cells (2).Surveillance against (non-virally associated) cancers relies on self-reactive T
cells, as tumor cells harbor antigens derived from endogenous proteins. Furthermore, tumor
cells may not exude any molecules that can activate DCs. For these reasons, peripheral
tolerance may have to be broken to elicit a CTL response to cancer (3). Furthermore, CTL
responses rely for the optimization and maintenance of their functionality on other immune
cells. At the center of keeping the balance between harmful and beneficial CTL responses
lie CD4+ T cells.
CD4+ T cells recognize antigen in the context of MHC class II that is primarily found on
immune cells. A key role of CD4+ T cells is therefore to modulate the state and function of
other immune cells. CD4+ T cells represent a diverse cell population with many differentiation
states that have all been implicated in controlling immune responses against cancer (4).
On one side of the spectrum are CD4+ T conventional (Tconv) cells that promote antitumor
immunity, either by direct elimination of MHC class II+ tumor cells or indirectly through
modulation of the tumor microenvironment (4). Moreover, in secondary lymphoid organs,
CD4+ T cells improve the magnitude and quality of B cell- and CTL responses. On the other
side of the spectrum are CD4+ Treg cells that suppress CTL responses, either directly by
production of inhibitory cytokines or indirectly by influencing state and function of DCs and
other (innate) immune cell types (5).
In this Review, we describe the opposing roles of CD4+ T cells in anti-tumor immunity.
We outline the mechanisms by which Tconv and Treg cells can regulate immune response
both at the priming and effector site and how modulating these cell subsets can improve
the efficacy of cancer immunotherapy.

2

THE ROLE OF Tconv CELLS AT THE PRIMING SITE
CD4+ T cells can directly recognize antigen on tumor cells, in case these express MHC class
II. However, Tconv cells mediate most of their immunomodulatory functions by recognition
of antigen on specialized antigen-presenting cells (APCs) such as DCs and macrophages
(Figure 1). In the 1980’s it was acknowledged that CD4+ T cells can provide help for CTL
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priming (6) and later, DCs were found to serve as a platform by which the effects of CD4+
T cell help are mediated (7). Accumulated data in various experimental systems suggested
CD4+ T cell help is only required to elicit a primary CTL response when direct activation of
DCs by pathogen- or danger-associated molecular patterns (PAMPs or DAMPs) is limited (6).
This was later suggested to depend on the amount of type I IFN produced by such APCs (8).
However, CD4+ T cell help was always required to induce and maintain functional memory
CD8+ T cell responses, even when strong inflammatory stimuli were present (6). In agreement
with limiting innate stimuli, CTL responses against cancer often rely on the provision of CD4+
T cell help (9–11). Moreover, effective therapeutic vaccination strategies against cancer have
been recently shown to induce potent anti-tumor CD4+ T cell responses directed against
mutated or non-mutated cancer antigens (12–14).
A primary mechanism by which CD4+ T cells “help” to induce CD8+ T cell responses is
by increasing antigen-presenting and costimulatory capacities of DCs. A key signal in this
so-called DC ‘licensing’ is delivered by interaction between CD40 ligand (L) on the cognate
CD4+ T cell and CD40 on the DC, which allows for functional maturation of the DC (15). In
a newly recognized scenario elucidated by intravital microscopy in mice, T cell priming
occurs in two steps: CD4+ and CD8+ T cells are first activated independently of each other by
distinct DC subsets at separate anatomical locations within the lymph node (LN). In a second
priming step, they both interact in a cognate fashion with the same XC-chemokine receptor
1 (XCR1)+ LN-resident DC. This DC provides the platform for the delivery of CD4+ T cell help
signals to the CD8+ T cell (16,17). Mouse studies show that following CD4+ T cell-mediated
licensing, the ability of DCs to produce certain cytokines and costimulatory ligands is
optimized, which serves CD8+ T cell responsiveness. DC-derived IL-12 and IL-15 play a role
in inducing effector and memory CTL differentiation downstream of CD4+ T cell help (18,19).
Furthermore, costimulation of CD27 on CD8+ T cells through CD70 on DCs is an essential
downstream effect of CD4+ T cell help for survival, effector- and memory differentiation of
CTLs (20–22). CD40-stimulated DCs also upregulate CD80/86, which by stimulating CD28 on
CTLs provides signals for cell cycle initiation, survival and metabolism (23). Costimulatory
signals through CD27 and CD28 may support CTL responses directly, and in part indirectly,
via upregulation of IL-12 and IL-2 receptors on CD8+ T cells (21,24), suggesting an interplay
between cytokine and costimulatory signals mediated by CD4+ T cell help.
The engagement of CD4+ T cells during priming can promote subsequent CD8+ T cell-DC
interactions by chemokine guidance. It has been shown that after initial cognate contact
with CD4+ T cells, DCs start to produce CCL3/4 that attracts CCR5-expressing CD8+ T cells
to the site of DC-CD4+ T cell interaction (25). Tumor-primed CD4+ T cells were also shown
to secrete high levels of CCL5 that recruited CCR5+ DCs (26). CD4+ T cells can also facilitate
the entry of naïve CD8+ T cells into the draining (d)LN via the expansion of the arteriole
feeding the dLN (27). Moreover, in the process termed as transphagocytosis, CD4+ T cells
were found to to aquire, process and present antigens to naïve CD8+ T cells, which induced
CTL memory differentiation and optimal anti-tumor responses (28,29).
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Engagement of CD4+ T cell help and resulting CD27 costimulation apparently lowers
the threshold for CD8+ T cell priming, since it results in broadening the TCR repertoire of
responding (tumor-reactive) CD8+ T cells by the inclusion of low-affinity clones (30–32). This
is favorable for anti-tumor responses that may be of low affinity due to negative selection
of the tumor-reactive TCR repertoire in the thymus. Moreover, helped CTLs have a better
cell-intrinsic ability to mediate anti-tumor responses. We have recently revealed a gene
signature of helped CTLs and validated multiple molecular mechanisms by which helped
CTL responses are optimized (21). Engagement of CD4+ T cell help enhanced cytotoxic,
migratory and metabolic functions of CTLs. Helped CTLs expressed higher levels of
effector molecules such as TNF, GZMB and IFNγ and lower levels of multiple coinhibitory
receptors including PD-1, LAG3 and BTLA (21,33). This resulted in more efficient killing of
tumor cells. In another study, following vaccination and CD4+ T cell depletion, the authors
also identified a “dysfunctional” state of primed CTLs. Likewise, they observed decreased
expression of cytotoxic effector molecules and increased expression of multiple coinhibitory
receptors (33). We furthermore demonstrated that upregulation of CXCR4, CX3CR1 and
matrix metalloproteases (MMPs) on helped CTLs results in their enhanced migratory and
invasive potential (21). Moreover, provision of CD4+ T cell help during priming also resulted
in optimal differentiation and maintenance of tumor-specific memory CTLs (34,35).
In order to efficiently mediate tumor cell killing, CTLs need to maintain their effector
function. CD8+ T cell exhaustion was originally identified during chronic viral infection in
mice and characterized by progressive loss of effector functions and upregulation of multiple
inhibitory receptors (36). T-cell exhaustion may also be related with defective memory
T cell formation, and – in the final stages - physical deletion of T cells. The observed
phenotype was attributed to chronic antigen stimulation and subsequently described also
in humans with cancer (36). Importantly, the gene signature of “helpless” CTLs resembles
previously published signatures of “exhausted” CTLs from mice suffering from chronic
LCMV infection.33 Moreover, depletion of CD4+ T cells during chronic viral infection results
in inability to control the virus spread (37). The maintenance and recruitment of new virusspecific CD8+ T cells during persistent infection is impaired in the absence of MHC class II
molecules (38). and adoptive transfer of virus-specific CD4+ T cells into chronically infected
mice can restore proliferation and cytokine production by exhausted CD8+ T cells (39). IL-21
produced by CD4+ T cells was shown to result in extended maintenance of CTL effector
functions during chronic viral infection (40,41). Overall, these data suggests that exhausted
and ‘unhelped’ CTLs represent two related dysfunctional T-cell phenotypes. Exhaustion is
thought to be driven by chronic exposure to antigen and ‘unhelped’ state by insufficient
priming (36), but provision of CD4+ T cell help may render CTLs less susceptible to subsequent
exhaustion in the tissue or reinvigorate already exhausted T cells.
Overall, CD4+ T cell help results in enhanced cell-intrinsic and -extrinsic antitumor activity of CTLs by optimizing their functionality during priming by multiple
complementary mechanisms.
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Treg cells represent a distinct subset of CD4+ T cells characterized by expression of
the transcription factor FOXP3 that is required for their development, maintenance
and immunosuppressive function (5,42). Treg cells have been broadly characterized as
comprising of two main populations: thymic or naturally occurring Treg cells (tTreg) that
develop in the thymus and induced Treg (iTreg) cells that arise from mature Tconv cells. Both
subsets mediate potent immunosuppressive effects and have been implicated to play a role
in multiple cancer types (43,44).
Thymic Treg cells maintain self-tolerance at steady-state by suppressing the priming
capacity of DCs (Figure 1). Treg cells continuously scan the surface of DCs and actively
inhibit their maturation and interactions with naïve CD4+ and CD8+ T cells (45–47). Treg cells
constitutively express coinhibitory receptors, including CTLA-4 and LAG-3. By means of
CTLA-4, Treg cells remove CD80/86 from the surface of DCs and thus limit their costimulatory
potential (48). LAG-3 can bind MHC class II on DCs and thereby suppress their antigen
presentation capacity (49). Treg cells is the mouse were also shown to downregulate CD70
from the plasma membrane of DCs in a CD27-dependent manner resulting in suppression
of Tconv cell responses (50). Other mechanisms involve downregulation of CD40 expression
and IL-12 production by DCs, resulting in attenuation of CTL effector differentiation (51–53).
Competitive consumption of IL-2 by Treg cells can reportedly limit the availability of IL-2 to
early activated CD8+ T cells thereby suppressing their activation (54).
Treg cells can also modulate chemokine production by DCs. Treg-mediated
downregulation of CCL3/4 production by DCs can inhibit attraction of CCR5+ CD8+ T cells to
CD4+ T-cell-DC interaction sites (55) and thereby presumably interfere with delivery of “help”
signals. Treg cell depletion resulted in overproduction of CCL3/4 which led to stabilization of
interactions between low-avidity CD8+ T cells and DCs and broadening of the tumor-specific
CTL repertoire (56). Recently, the engagement of Treg cells has been also shown to constrain
the TCR repertoire of newly primed effector CD4+ T cells (57).
Figure 1. The roles of Tconv and Treg cells in secondary lymphoid organs. Naïve Tconv cells get
activated and then interact and license XCR1+ LN-resident DCs through a CD40-dependent process.
Preactivated Tconv cells can recruit more DCs through secretion of CCL5. Licensed DCs attract
preactivated CD8+ T cells through the secretion of CCL3/4. Licensed DCs also express higher levels of
costimulatory ligands CD70 and CD80/86 and secrete IL-12, IL-15 and type I IFN to support effector
and memory CTL differentiation. Interaction with licensed DCs results in upregulation of CD25 and
IL-2 production by CD8+ T cells. Tconv cells can also directly support CTL response by secretion of IL-2
and IL-21. “Helped” CTLs express high levels of transcription factors - T-bet, Eomes and Id3, effector
molecules – GZMB, TNF and IFNγ, chemokine receptors – CXCR4 and CX3CR1, MMPs and lower levels
of coinhibiotry receptors LAG3, BTLA and PD-1. Treg cells destabilize interaction of Tconv and CD8+ T
cells with DCs by limiting chemokine secretion by DCs and forming aggregates on their surface. Treg
cells downregulate the expression of CD80/86 by DCs and limit the availability of MHC class II to and
CD80/86 through biding via LAG3 and CTLA-4, respectively. Treg cells can also limit the expression of
IL-12 and CD40 by DCs and compete for IL-2 available to CD8+ T cells.
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Overall, tTreg cells can limit anti-tumor CTL responses by complementary mechanisms,
primarily affecting the priming capacity of the DCs.

2
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Next to the role of CD4+ T cells during priming, their engagement was demonstrated to
play a beneficial role also at the effector site (Figure 2). Most tumors do not express MHC
class II molecules. However, the expression of HLA-DR molecules by tumor cells has been
linked to a good prognosis of cancer patients (58,59), suggesting beneficial effects of direct
recognition of tumor cells by CD4+ T cells. CD4+ T cells can acquire a cytotoxic phenotype
and mediate tumor cell killing even when tumor-specific CD8+ T cells are absent (60,61).
The mechanisms involve induction of apoptosis by cytotoxic granules or by stimulation via
death ligands including TRAIL and FASL (60). Also, in the absence of MHC class II molecules on
tumor cells, their presence on the tumor stroma was shown to mediate CD4+ T cell activation
and subsequent tumor rejection (62–64). Bystander killing of tumor cells through recognition
of stroma required the cooperation between CD8+ and CD4+ T cells (65). Upon recognition
of antigens at the tumor site, CD4+ T cells get activated and start producing inflammatory
cytokines that can support anti-tumor immune responses by different mechanisms. CD4+
T cell-derived IFNγ can act directly on tumor cells, causing senescence (66), or indirectly
by enhancing CTL effector differentiation (67,68). Production of IFNγ can also induce local
chemokine secretion and therefore enhance the entrance of CTLs to the effector site. IFNγmediated secretion of CXCL9 and CXCL10 was shown to attract CXCR3-expressing CTLs from
the blood into the effector tissue (69). Conversely, aberrant expression of MHC class II by
melanoma cells led to local production of TNFa by CD4+ T cells and resulted in dampening
of the CTL response, suggesting a negative feedback in order to limit unwanted CD8+ T cell
cytotoxicity (70). Additionally, CD4+ T cells can attract and modulate the activity of multiple
innate immune cell types (71,72). For example, upon recognition of tumor-derived antigens
on macrophages and eosinophils, CD4+ T cells induced their activation and production
of nitric oxide and superoxide leading to tumor growth inhibition (73). Moreover, IL-2
production by CD4+ T cells has been shown to enhance IFNγ-mediated anti-tumor activity
of NK cells (74).

THE ROLE OF Treg CELLS AT THE EFFECTOR SITE
At the effector site, CD4+ Tconv cells may convert into iTreg cells due to the constitutive
presence of specific T-cell or tumor-cell derived cytokines such as TGFβ (75,76). Treg
conversion is part of a negative feedback on chronic T cell activation. These data suggest
that effects of CD4+ T cell help mediated at the tumor site might be limited due to their
conversion into iTreg cells. In addition, tTreg cells may also reside in tumors. Expression of
neuropilin 1 (Nrp1) and transcription factor Helios have been suggested to be characteristic
of tTreg cells in mice and humans, respectively (77). Due to conflicting reports regarding
tTreg cell-specific markers, TCR repertoire analysis has been also used to determine the origin
of intratumoral Treg cells. Several studies reported small overlap of TCR repertoire between
tumor-infiltrating Tconv and Treg cells, suggesting modest contribution of iTreg cells to
the total Treg cell population (78–80). Moreover, high frequencies of intratumoral Treg cells
24

THE OPPOSING ROLES OF CD4 + T CELLS IN ANTI-TUMOR IMMUNITY

Direct
recognition and
cytotoxicity
TGF -mediated
conversion to
iTreg cells

Tconv
cell

Induction of
angiogenesis

Apoptotic
tumor
cell

Tconv
cell

Tumor
cell

VEGFA
Stromal
cell

DC
CD80/86

low

MHCIIlow

CD8+
T cell

apoptotic
CTL

IFNγ
NO

GZMB
IL-2

apoptotic
Tconv
cell

Apoptosis by
cytokine deprivation
or direct cytotoxicity

T
IL-10
IL-35

Treg
cell

NK cell

IL-2

IL-2-mediated
support of NK cell
activity

IFNγ

γ-mediated
support of CTL
differentiation

MHCI

Treg
cell

2

IFNγ

Cytokine-induced
tumor-cell
senescence
IFNγ
TNF

MHCII

T

Treg cellmediated
suppression of
DC maturation

Blood vessel

Chemokines
TCR

Treg
cell

CD8+
T cell

Local production
or T-cell
attracting
chemokines

Tconv
cell

M

CTL and M
suppression by
inhibitory cytokines

Activa
and death of
tumor cells by NO

Figure 2. The roles of Tconv and Treg cells at the tumor site Preactivated Tconv cells can directly
recognize and mediate cytotoxicity against MHC class II+ tumor cells. Recognition of antigen by Tconv
cells on stromal cells can lead to the secretion of cytokines. Tconv cell-derived IFNγ induces tumorcell senescence or supports CTL responses directly or indirectly by induction of cytokine secretion
and attraction of new CTLs to the effector site. Activation of macrophages by Tconv cells can lead to
the secretion of nitric oxide (NO) and subsequent tumor-cell killing. Tconv-derived IL-2 can support
IFNγ-mediated tumor cell killing by NK cells. Tumor-derived TGFβ can mediate conversion of Tconv to
iTreg cells. Treg cells mediate their suppressive activity by inhibiting DC maturation and induction of
apoptosis of Tconv cells and CTLs by direct cytotoxicity or cytokine depravation. Treg-cell derived TGFb,
IL-10 and IL-35 inhibit CTL and macrophage responses. Local VEGFA production induces angiogenesis
and promotes tumor progression.
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expressing Nrp1, have been linked to poor prognosis of patients with melanoma and head
and neck cancer (81).
Presence of Treg cells in tumors has been linked to both poor and favorable prognosis of
cancer patients (82–85). This is perhaps not surprising, since high numbers of intratumoral
Treg cells can be indicative of an ongoing anti-tumor T cell response that may ultimately
be suppressed. Recently, in a model of lung cancer, Treg cells were shown to function
within tumor-associated tertiary lymphoid structures to suppress anti-tumor T-cell
responses (86). Treg cells deploy multiple immunosuppressive mechanisms to keep these
ongoing responses in check (Figure 2). They can mediate apoptosis of CD8+ by direct
cytotoxicity - tumor-derived factors were shown to induce grazyme B expression by Treg
cells which led to CD8 T cell killing and diminished anti-tumor immunity (87). Moreover,
indirect induction of apoptosis by cytokine deprivation by Treg cells has been shown limit
CD4+ T cell responses (88). Metabolic disruption has been proposed as another mechanism
of suppression mediated by Treg cells. Expression of the ectoenzymes CD39 and CD73 was
shown to generate extracellular adenosine, which suppressed effector T cell function through
activation of the adenosine receptor 2A (89). Additionally, adenosine has been suggested to
play a role in further upregulation of Treg cell suppressor functions (90). Inhibitory cytokines
have been the focus of substantial attention as mediators of Treg cell-mediated suppression
at the effector site. IL-10 and TGFβ were shown to inhibit tumor-specific T cell infiltration and
effector function and to promote an anti-inflammatory phenotype in macrophages (91–93).
Intratumoral Tregs were also shown to play a role in the loss of effector function by CD8+ T
cells. Recently, Treg-cell derived IL-35 was shown to promote effector T-cell exhaustion within
the tumor microenvironment (94). Treg cells were also shown to induce downregulation of
effector molecules and upregulation of inhibitory receptors on CD8+ T cells. This process
was dependent on reduction of costimulatory potential of intratumoral DCs. Depletion of
Treg cells led to rescue and expansion of “exhausted” tumor-specific CTLs (95). In a model
of chronic virus infection, similar effect was dependent on the provision of CD4+ T cell help
and costimulatory signals to the exhausted CTLs, highlighting the complementary roles of
Tconv and Treg cells in maintaining functional CTL responses (96). Treg cells have also been
suggested to contribute to tumor progression by inducing angiogenesis. Hypoxic tumors
were shown to attract Treg cells in a CCL28-dependent manner which resulted in increased
production of VEGFA (97).
On the other hand, Treg cells were shown to promote generation of memory CD8+ T
cells (98). Expression of CTLA-4 and production of IL-10 by Treg cells have been shown to play
a role during the contraction and resolution phase to promote memory CD8+ T cell formation
through the suppression of pro-inflammatory cytokine production by DCs (99,100).

IMPLICATIONS FOR CANCER IMMUNOTHERAPY
The goal of cancer immunotherapy is to elicit an effective CTL response. This can be achieved
by reactivating preexisting tumor-specific CTLs and/or by priming of naive tumor-specific
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CD8+ T cells. In an ideal scenario, cancer immunotherapy initiates and supports a “cancer
immunity cycle” wherein the cancer acts as its own vaccine (101). Cancer cell killing releases
tumor antigens that are presented to naïve T cells in secondary lymphoid organs. Since DCactivating “danger” signals are generally lacking in this scenario, appropriate therapeutic
intervention may enhance priming of new CTLs and in turn increase the range of antigens
that is recognized. The quality of tumor-specific CTL responses is modulated by both Tconv
and Treg cells, as outlined above. It is therefore important to know how various cancer
immunotherapy approaches affect both cell subsets. Current strategies involve therapeutic
vaccination, treatment with immunomodulatory antibodies and adoptive cell transfer (ACT).
Early studies in mice showed that vaccination with small peptides that directly bind to
MHC class I molecules induced CD8+ T cell tolerance, which could be overcome with agonistic
anti-CD40 antibody and resulted in tumor-specific CTL responses (102). Follow up studies
demonstrated that vaccination with long peptides encompassing both MHC class I and class
II epitopes induced optimal CTL-based anti-tumor immunity (103). Subsequently, inclusion of
MHC class II epitopes in therapeutic vaccines has been shown to improve CTL responses and
survival of patients with melanoma or vulvar neoplasia (104–106). Vaccination with mutant
MHC class II epitopes was shown to drive therapeutic response to established mouse tumors
by inducing CD4+ T cell responses. Observed effective anti-tumor CTL activity was linked
in part to the decrease in intratumoral Treg cells following the vaccination (107). Recent
studies in melanoma patients demonstrated that vaccination with a synthetic long-peptide
or neo-antigen bearing RNA-transfected DCs resulted in potent CD4+ T cell responses and
durable tumor control (12,13). Depletion of Treg cells might further improve the responses
to vaccination. Application of recombinant IL-2 diphteria-toxin conjugate, resulting in Treg
cell depletion, has been shown to enhance CTL responses following vaccination with RNAtransfected DCs (108,109). Modulation of Treg cell activity can be also achieved by rational
vaccine design. Vaccination with a NY-ESO-1 peptide inducing newly primed low-avidity
Tconv cells did not induce antigen-specific Treg cell response and therefore undermined
the suppressive activity of Treg cells on high-avidity NY-ESO1 specific T cell precursors (110).
The most successful and widely applied form of cancer immunotherapy makes use of
blocking antibodies to coinhibitory receptors CTLA-4 and/or PD-1. Clinical benefit observed
after the treatment with these antibodies has been attributed to the effect on anti-tumor CTL
responses. However, the final outcome might be partly due to indirect effects via opposing
the activity of Treg cells and promoting the activity of Tconv cells as suggested by expression
of CTLA-4 and PD-1 by both cell subsets (111).
Treatment with anti-CTLA-4 mAb was shown to induce priming of a new T-cell response
against the tumor and thereby broadening of the repertoire of melanoma-reactive CD8+
T cells (112). These data suggests that CTLA-4 blockade overrules peripheral tolerance,
in line with the fact that in the mouse, both effector and regulatory T cell compartments
contribute to the anti-tumor activity of anti-CTLA-4 antibodies (113). CTLA-4 blockade and
Treg cell depletion also synergized in support of an anti-tumor CTL response, which could be
explained by the fact that Treg cells utilize multiple CTLA-4-independent immunosuppressive
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mechanisms (114). Importantly, the inhibitory and depleting properties of anti-CTLA-4
antibodies have been shown to depend on their isotypes (115).
Blocking PD-1 or its ligand PD-L1 seems to primarily overrule the suppression exerted
on pre-existing tumor-specific CTLs (116). It enables costimulation via CD28 and likely
engages the activity of CD4+ and CD8+ effector T cells, as was demonstrated in mouse
models (117,118). More recently, the response to PD-1 treatment also proved to depend on
IFNγ-mediated suppression of Treg cell activity (81). Similarly to CTLA-4 blockade, treatment
with anti-PD-1 antibodies synergized with Treg cell depletion to mediate tumor regression
in mouse melanoma model (119).
Combination of CTLA-4 and PD-1 showed synergistic effects in melanoma patients,
suggesting complementary roles of both receptors (120). Both strategies were shown to
induce proliferation of specific subsets of CD8+ T cells with ‘exhausted-like’ phenotype.
CTLA-4 blockade additionally induced expansion of a subset of effector CD4+ T cells, possibly
enabling the effects of CD4+ T cell help at the tumor site (121).
Anti-tumor effects of ACT have been shown to depend on both Tconv and Treg cell
responses (122). Durable clinical remissions have been observed in patients with metastatic
melanoma treated with autologous CD4+ T cells against NY-ESO-1 (123). Additionally,
vaccination with MHC class II epitopes induced better tumor control and allowed for
the reduction in the number of adoptively transferred CD8+ T cells needed to protect against
mouse tumor challenge (124)

CONCLUSIONS
Treg and Tconv cells play important and complementary roles in CD8+ T cell function. This is
relevant for both autoimmunity and anti-tumor immunity. The occurrence of autoimmunity
depends on lack of immunosuppression by Treg cells, as well as on ongoing interactions
between Tconv cells and APCs maintain CTL effector function (125). Anti-tumor CTL
responses are often improved upon the depletion of Treg cells and engagement of Tconv
cells. Treg cells mediate their suppressive activity by directly opposing the beneficial effects
provided by CD4+ T cell help. This is supported by the fact that depletion of Treg cells can
promote tumor-specific CD4+ T cell responses and that CD4+ T cells can counteract Treg
cell-mediated suppression via CD40L-CD40 interaction with DCs (126,127). We therefore
propose that engagement of Treg cells prevents optimal delivery of CD4+ T cell help both
during priming and at the effector site.
Moreover, engagement of Treg cells and lack of CD4+ T cell help have been shown to
result in upregulation of inhibitory receptors on antigen-specific CTLs (21,94,98) Tumorspecific CD8+ T cells present in the blood of melanoma patients express PD-1 (128) Circulating
PD-1+ CD8+ T cells in cancer patients may therefore represent the “helpless” phenotype,
since tumors may not offer the required innate DC-activating signals and promote Treg cell
responses that prevent optimal delivery of CD4+ T cell help signals as discussed above. Treg
and Tconv cells utilize different signaling pathways downstream TCR stimulation and rely on
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different metabolic pathways for optimal responses (129,130). Such insights into cell-intrinsic
differences of Tconv and Treg cells may help to specifically modulate each subset to promote
anti-tumor immunity. Therefore, cancer immunotherapy strategies that differentially affect
each subset may prove to be most efficient.
Type I IFN has been shown to limit Treg responses and induce downstream effects of
CD4+ T cell help (8,131). Therefore, promising approaches inducing type I IFN production
include radiotherapy or STING agonists in combination with vaccination or antibodies
against PD-(L)1. Another promising candidate is CD27 agonist antibody. In our mouse
model of therapeutic vaccination, CD27 agonism and PD-1 blockade together recapitulated
the effects of CD4+ T-cell help (35). Anti-tumor efficacy of CD27 agonist antibody has been
shown to depend on effector T cell stimulation as well as Treg cell depletion (132). First-inclass anti-CD27 antibody has proven safe in a recent phase 1 clinical trial (133).
Overall, all current cancer immunotherapy strategies rely in part on immunomodulatory
effects mediated by Tconv and Treg cells. Further mechanistic insight into these cell subsets
will allow for the manipulation of their activities and subsequently improve clinical responses
of cancer patients.
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ABSTRACT

3

40

Therapeutic anti-cancer vaccination still requires optimization. Peripheral tolerance and
tumor-associated immune suppression likely limit the generation and efficacy of vaccinespecific CTLs. Since CD4+ T cells improve CTL responsiveness, next generation vaccines
include helper epitopes. We here demonstrate how CD4+ T-cell help optimizes the CTL
response, using a clinically relevant DNA vaccine against Human Papilloma Virus (HPV)+
tumors in mice. Inclusion of tumor-unrelated helper epitopes greatly increased CTL
priming, effector- and memory programming. CD4+ T-cell help optimized the CTL response
in all these qualities via CD27/CD70 costimulation. Agonistic mAb to CD27 could largely
replace helper epitopes in promoting primary and memory CTL responses, acting directly
on CD8+ T cells. CD27 agonism also improved anti-tumor efficacy of the vaccine without
helper epitopes, more so than PD-1 and CTLA-4 blockade combined. Combining CD27
agonism with CTLA-4 blockade greatly improved vaccine-induced priming of CTLs and their
presence in the tumor. Nevertheless, only combined CD27 agonism and PD-1 blockade led
to complete tumor eradication, recapitulating the effects of CD4+ T-cell help on vaccine
efficacy. Since PD-1 blockade did not improve CTL priming or tumor infiltration, our data
argue that PD-1 blockade and CD4+ T-cell help alleviated CTL suppression in the tumor.
Helper epitope inclusion or CD27 agonism did not stimulate regulatory T cells (Tregs) and
CD27 agonism also improved vaccine efficacy in presence of CD4+ T-cell help. Our findings
support the application of CD27 agonism alone and combined with PD-1 blockade to
improve the efficacy of therapeutic vaccination and cancer immunotherapy in general.

CD4 + T CELL HELP IN ANTI-CANCER VACCINATION

INTRODUCTION
Therapeutic vaccination with protein or DNA, aimed at raising a CTL response to pre-existing
cancer, is an attractive form of immunotherapy. It is easy to apply, potentially cheap and can
be designed to avoid auto-immune responses (1). Up to now, however, therapeutic vaccines
have not been very successful, not even against immunogenic virus-induced cancers (1,2).
In therapeutic vaccination, dendritic cells (DCs) are a key target for antigen delivery (3). DCs
are expert at crosspresenting antigens, i.e. loading peptides derived from the extracellular
vaccine into MHC Class I molecules for presentation to CD8+ T cells. Moreover, activated DCs
are optimal for T cell priming, because they produce the relevant costimulatory molecules
and cytokines. Resting DCs, however, maintain peripheral tolerance to self-antigens, with
the aid of natural (n)Treg and their coinhibitory receptor CTLA-4 (4,5).
A key goal in therapeutic vaccination is therefore to activate DCs. This can be done
with adjuvants that bind to pattern-recognition receptors (PRRs) (6). CD4+ T cells can also
activate DCs and thus compensate for deficient “danger” signaling (7,8). Therefore, vaccines
can be optimized by inclusion of MHC Class II-binding epitopes (1). Upon priming with an
MHC Class I-binding epitope only, CD8+ T cells are non- responsive or even tolerized (9).
However, when (a) helper epitope(s) is included, CD4+ T cells will optimize (“license”) DCs
for CTL priming. In this way, the DC translates instructions from the CD4+ T cell to the CD8+ T
cell. CD4+ T-cell help not only promotes the primary CTL response, but also instills memory
capacity into responder CTLs (7,8). Helper epitope inclusion was successful in therapeutic
vaccination against premalignant HPV-induced disease (10), but it has not yet delivered its
promise in cancer patients (1,11).
Costimulation is important in the delivery of CD4+ T-cell help. When the CD4+ T cell
recognizes peptide/MHC Class II complex on the DC, it upregulates CD40 ligand (L). This
triggers CD40 on the DC, which “licenses” the DC to induce a CTL response (12-14). It is not
known how exactly the DC changes as a result of CD40 triggering and how this subsequently
optimizes priming, effector- and memory differentiation of the CD8+ T cell. However, it is
clear that the DC acquires costimulatory capacity and thereby promotes the CD8+ T cell
response. Upon PRR- or CD40 stimulation, the DC upregulates CD80 and CD86, the ligands
of the T-cell costimulatory receptor CD28. The DC also starts to express CD70, the ligand
of the costimulatory receptor CD27. DC activation thus allows costimulation via CD28 and
CD27 that promote CD8+ and CD4+ T-cell responses by complementary mechanisms (15).
CD27 is a member of the TNF receptor family that also includes CD134 (OX40), CD137 (4-1BB)
and CD357 (GITR). All these receptors support the T-cell response - in a large part by survival
signaling (16). Agonistic monoclonal antibodies (mAbs) to all these receptors are in clinical
trials in cancer patients (17), in the expectation that they may improve results achieved by
current CTLA-4 and PD-1 blockade (18).
Thus, changing the vaccine formulation and/or adding immunomodulatory antibodies
to overcome deficient DC activation could improve CTL priming. The CTLs raised must
furthermore overcome suppression in the tumor micro-environment, as imposed by tumor
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cells, Tregs and other cell types. Blocking PD-1 with therapeutic mAb can alleviate one of
these suppressive mechanisms (18, 19). It has not been investigated whether CD4+ T-cell
help also addresses this bottleneck in the CTL response.
Here, we examined by which mechanisms CD4+ T-cell help improves the CTL response,
using a protocol of intra-epidermal DNA vaccination. This protocol proved superior to intramuscular vaccination in raising a CTL response to Human Immunodeficiency Virus in monkeys
and is under clinical development (20, 21). We identified CD27 costimulation of CD8+ T cells
as the key effector pathway of CD4+ T-cell help for the CTL response. We demonstrate that
antibody-based CD27 agonism is a very powerful combination to optimize therapeutic
vaccination that acts synergistically with PD-1 blockade. Our study provides the guidelines
for rational optimization of cancer immunotherapy with immunomodulatory antibodies
alone or in combination with therapeutic vaccines.

RESULTS
Intra-epidermal DNA vaccination reveals the effects of CD4+ T-cell help for the
CD8+ T-cell response
In our vaccination strategy, naked DNA encoding the antigen of interest is “tattooed” into
the skin (20). This results in keratinocyte transfection and delivery of antigen to the draining
lymph nodes (dLNs) (23). The two DNA vaccines used, do or do not contain helper epitopes,
which offered us a unique window to read out the effects of CD4+ T-cell help on the CTL
response (Fig. 1A, Fig. S1) (22). The vaccines encode a “gene shuffled” version of the HPV type
16 E7 protein, including the immunodominant H-2Db-restricted epitope E749-57. In the “Help”
version, the vaccine additionally encodes unrelated epitopes binding to all human MHC
Class II alleles (Fig. S1), of which the p30 (27) and PADRE (28) epitopes also bind to mouse
MHC Class II.
To validate the system, we first examined effects of helper epitope inclusion on
the primary CD8+ T-cell response. “Help” clearly increased the magnitude of the primary
H-2Db/E749-57-specific CD8+ T-cell response, as measured in blood up to day 50 (Fig. 1B, D). At
the peak of the response at day 10, “Help” had also significantly increased the total numbers
of E7-specific CD8+ T cells in dLNs, non-dLNs and spleen (Fig. 1C, D). Thus, CD4+ T-cell help
benefitted the priming of E7-specific CD8+ T cells and their systemic dissemination.
To test whether the “Help” vaccine could program memory function into CD8+ T cells,
mice that had been primed with “Help” or “No Help” vaccine were rechallenged with “No
Help” vaccine. In this setting, mice primed with “Help” vaccine had a much higher secondary
E7-specific CD8+ T-cell response than mice primed with “No Help” vaccine, even though
neither received help during rechallenge (Fig. 1B). Thus, the model revealed the effect of
CD4+ T-cell help delivered during priming in the form of memory programming. Note that
we needed to inject LPS i.p. as “danger signal” in conjunction with the secondary “No Help”
vaccine to reveal the effect of CD4+ T-cell help on the memory CD8+ T-cell response.
Next, we confirmed that increased CTL responsiveness to the “Help” vaccine was
due to engagement of CD4+ T cells. Depletion of CD4+ cells by infusion of anti-CD4 mAb
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nullified the effects of helper epitope inclusion on the CTL response, while it did not affect
the response to the “No Help” vaccine (Fig. 1E). We conclude that the intra-epidermal DNA
vaccination model robustly reveals the effects of CD4+ T-cell help in terms of magnitude of
the primary and memory CD8+ T-cell response.
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Figure 1. CD4+ T-cell help optimizes the CD8+ T-cell response upon intra-epidermal DNA vaccination.
(A) Vaccine design: both “Help” and “No Help” vaccines encode a “gene-shuffeled” version of HPV-16
E7. The “Help” vaccine additionally encodes human tetanus toxoid p30, PADRE and HIV NEF epitopes
(Fig. S1). (B-D) Mice (n=10 per group) received “Help” or “No Help” vaccine on days 0, 3 and 6. The CD8+
T-cell response was followed in time by flow cytometric analysis of peripheral blood with H-2Db/
E749-57 tetramers and anti-CD8 mAb and is depicted as percentage of H-2Db/E749-57 tetramer+ cells
among total CD8+ T cells (B). On day 10, 3 mice per group were sacrificed and absolute numbers of
H-2Db/E749-57 tetramer+ CD8+ T cells in dLN, non-dLN and spleen were enumerated (C). The remaining
7 mice per group were rechallenged once with “No Help” vaccine and injected i.p. with LPS on day
50 and the CD8+ T-cell response was subsequently followed in blood (B). Representative staining of
cells from indicated organs with H-2Db/E749-57 tetramer and anti-CD8 mAb at day 10 is depicted in (D).
Numbers in quadrants indicate the percentage of H-2Db/E749-57 tetramer+ cells within total CD8+ T cells.
Results are representative of 3 experiments. (E) Mice (n=5 per group) were challenged with “Help” or
“No Help” vaccine and treated with control mAb or depleting αCD4 mAb. Percentages of H-2Db/E749-57
tetramer+ cells were measured among total CD8+ T cells in blood over time. Results are representative of
2 experiments.
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CD4+ T-cell help increases the magnitude of the CD8+ T cell response via the
CD27/CD70 pathway

3

We next determined the importance of CD27/CD70 costimulation as downstream effector
of CD4+ T-cell help. To test the requirement of CD27/CD70 costimulation for delivery of CD4+
T-cell help, the CD27/CD70 pathway was inhibited. Mice were given “Help” vaccine combined
with either control mAb or an anti-CD70 mAb that blocks interaction with CD27 (24). At
day 10 post-vaccination, when the primary response in the “Help” control situation was at
its peak, anti-CD70 mAb treatment lowered the magnitude of the response to the level in
the “No Help” situation (Fig. 2A). At later time points, the effect was less pronounced, but
peak response levels remained significantly lower than in the “Help” control situation. CD70
blocking also significantly reduced the E7-specific CD8+ T-cell response in dLNs, non-dLNs
and spleen at day 10 (Fig. 2B; primary flow cytometric data in Fig. S2). Interestingly, blocking
the closely related TNF ligands 4-1BBL or OX40L did not or only marginally impede the effects
of CD4+ T-cell help for the CTL response (Fig. S3).
Next, we tested whether deliberate CD27 costimulation could overcome the requirement
for CD4+ T-cell help for the CD8+ T-cell response. For this purpose, mice were given “No
Help” vaccine combined with either a control mAb or a CD27 agonist mAb that stimulates
CD27 function in the absence of CD70 binding (25). CD27 agonism significantly increased
the magnitude of the CD8+ T-cell response to “No Help” vaccination as monitored in
the blood, throughout the entire kinetics of the primary response (Fig. 2C). At the peak of
the response on day 10, E7-specific CD8+ T-cell numbers in dLN and spleen were also greatly
increased as a result of CD27 agonism (Fig. 2D). After CD4-cell depletion with specific mAb,
CD27 agonism elevated the CD8+ T cell response to the “No help” vaccine even more (Fig 2E).
We conclude therefore that deliberate CD27 costimulation largely bypasses the requirement
of CD4+ T-cell help for CD8+ T-cell priming.
To determine the effect of CD27/CD70 costimulation on memory programming, mice
were rechallenged at day 50 with “No Help” vaccine. In the mice that had been primed
with “Help” vaccine and treated with blocking mAb to CD70, the memory response did not
exceed the response to “No Help” vaccine, even at its peak. Thus, “memory programming” as
a result of CD4+ T-cell help greatly depends on CD27/CD70 costimulation (Fig. 2F). Strikingly,
in mice that had been primed with “No Help” vaccine and treated with agonist mAb to CD27,
the memory response was comparable in magnitude to that in mice primed with “Help”
vaccine (Fig. 2F). The combined data indicate that CD27/CD70 costimulation is the key
effector pathway of CD4+ T-cell help for the CD8+ T cell response.

The CD27/CD70 pathway dictates the generation of CTL and Th1 cell responses
Next, we assessed the contribution of CD4+ T-cell help and CD27/CD70 pathway to the quality
of the primary T cell response. To monitor CTL differentiation, the cytolytic effector molecule
GZMB was detected in CD8+ T cells in blood, dLN and spleen at day 10 post-vaccination.
Comparison of “Help” versus “No Help” vaccination indicated that CD4+ T-cell help greatly
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Figure 2. CD4+ T-cell help promotes the magnitude of primary and memory CD8+ T-cell responses
largely via CD27/CD70 costimulation. (A-D) Mice (n=7 per group) received “Help” or “No Help” vaccine
on days 0, 3 and 6 in combination with isotype control, blocking αCD70 (A,B), or agonistic αCD27 mAb
(C,D). On day 10, 3 mice per group were sacrificed for analysis and the response of the remaining 4
mice per group was followed in blood until day 50. Percentage of H-2Db/E749-57 tetramer+ cells among
total CD8+ T cells in blood over time is depicted in (A,C). Absolute numbers of H-2Db/E749-57 tetramer+
CD8+ T cells in dLN, non-dLN and spleen at day 10 is depicted in (B,D). (E) Mice (n=5 per group) were
challenged with “No Help” vaccine and treated with control mAb or depleting αCD4 mAb alone or in
combination with αCD27 mAb. Percentages of H-2Db/E749-57 tetramer+ cells were measured among total
CD8+ T cells in blood over time. (F) Mice (n=7 per group) received “Help” or “No Help” vaccine and were
treated with control, αCD70 or αCD27 mAb as outlined above. On day 50, mice were rechallenged with
“No Help” vaccine and i.p. injected with LPS. Depicted is the percentage of H-2Db/E749-57 tetramer+ cells
among total CD8+ T cells in blood at the indicated days after rechallenge. All results are representative
of at least 2 experiments.
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increased the frequency of GZMB+ CD8+ T cells raised (Fig. 3A, E). CD70 blocking reduced
the CTL response to “Help” vaccination to the level seen after “No Help” vaccination.
Moreover, CD27 agonism strongly promoted the CTL response to “No Help” vaccination
(Fig. 3A, E). The frequency of CD8+ T cells coexpressing IFNγ and TNFα was also greatly
increased as a result of CD4+ T-cell help, reduced by CD70 blocking after “Help” vaccination
and increased by CD27 agonism after “No Help” vaccination (Fig. 3B, F).
IFNγ and TNFα expression were also assessed in CD4+ T cells. The “Help” vaccine raised
a Th1 response that was dependent on CD27/CD70 costimulation (Fig. 3C). CD27 agonism
did not engage a CD4+ T-cell response after “No Help” vaccination, as assessed by either single
IFNγ+ or TNFα+ CD4+ T cells (results not shown) or double IFNγ+ TNFα+ CD4+ T cells, although
we observed a slight increase of IFNγ+ TNFα+ CD4+ T cells in the spleen (Fig. 3C). The inclusion
of helper epitopes in the vaccine did not elicit the expansion of CD4+ Tregs, as identified by
Figure 3
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Figure 3. Generation of effector CD4+ T-cells and CD8+ T-cells depends on CD27/CD70 costimulation.
Mice (n=3 per group) received “Help” or “No Help” vaccine on days 0, 3 and 6 in combination with isotype
control, blocking αCD70 or agonistic αCD27mAb. On day 10, flow cytometric analyses were done in
cells from blood, dLN and spleen. GZMB and Foxp3 expression were determined directly ex vivo. IFNγ
and TNFα expression in CD8+ or CD4+ T cells were determined after 16 h in vitro stimulation of total
blood, LN- or spleen cells with MHC Class I-, or MHC Class-II restricted peptides or no peptide (control).
(A) Frequencies of GZMB+ cells within total CD8+ T cells. (B) Frequencies of IFNγ+ TNFα+ cells within total
CD8+ T cells. (C) Frequencies of IFNγ+ TNFα+ cells within total CD4+ T cells. (D) Frequencies of Foxp3+ cells
within total CD4+ T cells. (E, F) Representative flow cytometric analyses. Results are representative of 2
experiments.
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Foxp3 expression, nor did deliberate CD27 costimulation (Fig. 3D). Taken together, the data
validate the effects of helper epitope inclusion on the Th1 and CTL response and shows that
these responses are greatly dependent on the CD27/CD70 pathway.

CD4+ T-cell help and the CD27/CD70 pathway dictate anti-tumor efficacy of
therapeutic vaccination

3

CTL function was tested by in vivo cytotoxicity assays. In the first assay, we injected syngeneic
splenocytes as target cells that had been loaded with control or E749-57 peptide and labeled
with either a high or low dose of CFSE (29). This assay clearly revealed the effect of CD4+ T-cell
help for the CTL response: About 90% of the E749-57 peptide-loaded target cells were killed
in the group that had received “Help” vaccine, while less than 10% of the target cells were
killed in mice that had received “No Help” vaccine (Fig. 4A, B). Furthermore, CD70 blockade
upon “Help” vaccination reduced CTL activity to the levels seen in the “No Help” control
group, while CD27 agonism upon “No Help” vaccination raised CTL activity to the level seen
in the “Help” control group (Fig. 4A, B). These data prove that the CD27/CD70 costimulatory
pathway is the key effector pathway of CD4+ T-cell help for the CTL response.
We next examined the contribution of CD4+ T-cell help and the CD27/CD70 pathway to
the anti-tumor effect of the “Help” vaccine. For this purpose, TC-1 tumor cells expressing HPV
E7 protein (29) were implanted 5 days prior to vaccination. The tumor reached a palpable
size while the response to vaccination was ongoing, which allowed us to evaluate tumor
rejection (Fig. 4C). In this setting, all mice that had received the “Help” vaccine experienced
complete tumor regression (Fig. 4C) and survived long-term (Fig. 4D), while all mice that
had received the “No Help” vaccine had to be sacrificed due to tumor outgrowth (Fig. 4C, D).
CD70 blockade almost abolished the therapeutic effect of the “Help” vaccine. Conversely,
the “No Help” vaccine was rendered more curative upon combination with agonistic CD27
mAb treatment: improved tumor control resulted in long-term survival of 60% of the animals
(Fig. 4C, D).
Thus, helper epitope addition converts the vaccine from being non-functional to
therapeutically effective, leading to 100% curation of tumor-bearing mice in this experimental
setting. This curative effect greatly depends on CD27/CD70 costimulation, as demonstrated
by CD70 blockade. Engagement of CD27 with agonistic mAb renders the vaccine that lacks
helper epitopes therapeutically effective, albeit less so than the vaccine with helper epitopes.

Combined CD27 agonism and PD-1 blockade recapitulates the therapeutic
effects of CD4+ T-cell help
Combined CTLA-4- and PD-1 blockade constitutes the current breakthrough in cancer
immunotherapy (18). Therefore, we examined whether CTLA-4- and/or PD-1 blockade could
bypass the effects of CD4+ T-cell help on anti-tumor efficacy. Treatment with αCTLA-4- or
αPD-1 mAb alone did not improve tumor control by “No Help” vaccination, while combined
treatment had a modest beneficial effect that was less significant than that of CD27 agonism
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Figure 4. CD4+ T-cell help increases generation of functional CTL with anti-tumor efficacy via
the CD27/CD70 pathway. (A, B) In vivo cytotoxicity assay. Mice (n=3 per group) received “Help” or “No
Help” vaccine on days 0, 3 and 6 in combination with isotype control, blocking αCD70 or agonistic
αCD27mAb. On day 10, mice were injected i.v. with a 1:1 ratio of E749-57-peptide loaded and nonloaded splenocytes, that had been labeled with a low or high dose of CFSE, respectively. After 16 h,
the percentage of specific in vivo killing was determined by flow cytometry based on the ratio of CFSEhigh
versus CFSElow target cells detected in spleen. (A) Bar diagram depicting all results. (B) Representative
flow cytometry histograms of gated CFSE+ cells. Results are representative of 2 experiments. (C, D)
Tumor challenge. Cumulative data of 2 experiments with n=5 per group each. Mice were injected
s.c. with 1x105 TC-1 tumor cells on day 0 and received “Help” or “No Help” vaccine on days 5, 8 and
11 in combination with isotype control, blocking αCD70 or agonistic αCD27 mAb. (C) Tumor sizes as
measured by caliper. (D) Overall survival.

alone (Fig. 5A, B). These data suggested that CD27 costimulation was unique in its effects on
CTL priming.
To examine this, we tested the effects of CTLA-4- or PD-1 blockade alone or in combination
with CD27 agonism on CTL priming in response to “No help” vaccination. As shown before,
CD4+ T-cell help and CD27 agonism promoted CTL priming (Fig. 6A,B). In contrast, CTLA-4- or
PD-1 blockade did not. Interestingly though, combined CTLA-4 blockade and CD27 agonism
improved CTL priming, even to a greater magnitude than did CD4+ T-cell help, while PD-1
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Figure 5. Effects of CTLA-4, PD-1 or combined blockade on anti-tumor immunity. Mice were injected
s.c. with 1x105 TC-1 tumor cells on day 0 and subsequently challenged with “Help” or “No Help” vaccine
The “No Help” vaccinated mice were treated with isotype control antibody or with αPD-1 mAb alone,
αCTLA-4 alone or in combination on days 5, 8 and 11. Tumor sizes (A) and overall survival of the mice (B)
were monitored. Cumulative data of 2 experiments with n=5 and n=6 per group are shown

blockade did not add to the effect of CD27 agonism (Fig. 6A, B). Despite the superior CTL
response in case of combined CTLA-4 blockade and CD27 agonism, CTLA-4 blockade did not
improve tumor control as compared to CD27 agonism alone while combined PD-1 blockade
and CD27 agonism was 100% curative (Fig. 6C, D). This was remarkable, because combined
CTLA-4 blockade and CD27 agonism was also superior in regards to numbers of tumorspecific CTLs in the tumor as compared to combined PD-1 blockade and CD27 agonism
(Fig. 6E, F). We conclude that CD27 agonism and PD-1 blockade together recapitulate
the effects of CD4+ T-cell help on the CTL response against the tumor.
To test the effect of CD27 agonism on tumor control upon “Help” vaccination, we created
a therapeutic window by vaccinating 12 instead of 5 days after tumor inoculation. CD27
agonism significantly increased the generation of HPV E7-specific and effector phenotype
CD8+ T-cells as compared to “Help” vaccination only and did not induce Treg expansion
(Fig. 7A-D). In this setting, the “Help” vaccine was not curative, while combined CD27
agonism reduced tumor outgrowth and significantly improved survival (Fig. 7E, F). Thus,
CD27 agonism also improved the therapeutic efficacy of the vaccine with helper epitopes.

DISCUSSION
The intra-epidermal DNA “tattoo” strategy is very potent as compared to intra-muscular
vaccination (21). The vaccine DNA is expressed in keratinocytes (22). How antigen is
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Figure 6. Combined effects of CD27 agonism and CTLA-4 or PD-1 blockade on the CTL response and
anti-tumor immunity. (A, B) Mice (n=6 per group) were challenged with “Help” or “No Help” vaccine on
days 0, 3 and 6. The “Help” vaccinated mice were treated with isotype control antibody. The “No Help”
vaccinated mice were treated with isotype control, agonistic αCD27, or blocking αCTLA-4 or αPD-1
mAb alone or with agonistic αCD27 mAb in combination with αCTLA-4 or αPD-1 mAb. (A) Percentage
of H-2Db/E749-57 tetramer+ cells among total CD8+ T cells in blood over time. (B) Frequencies of GZMB+
CD8+ T cells in blood at day 10 post-vaccination. (C, D) In independent experiments, mice (n=6-10
per group) were injected s.c. with 1x105 TC-1 tumor cells on day 0 and subsequently challenged with
“Help” vaccine and isotype control mAb, with “No Help” vaccine and isotype control mAb, or agonistic
αCD27 mAb alone, or in combination with αCTLA-4 or αPD-1 mAb on days 5, 8 and 11. (C) Tumor sizes.
(D) Overall survival. (E, F) Mice (n=4 per group) were injected s.c. with 1x105 TC-1 tumor cells on day
0 and subsequently vaccinated and treated with mAb as indicated in panels C, D. (E) Frequencies of
H-2Db/E749-57 tetramer+ (F) and GZMB+ cells among total CD8+ T cells in tumors at day 15 after tumor
inoculation. Results are representative of 2 independent experiments.
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Figure 7. CD27 agonism improves CTL responses in the presence of CD4+ T-cell help. (A-D) Non-tumor
bearing mice (n=5 per group) received “Help” vaccine in combination with isotype control, or agonistic
αCD27 mAb on days 0, 3 and 6. The indicated analyses were performed at day 10 post-vaccination.
Results are representative of 2 independent experiments. (E, F) Tumor challenge. Cumulative data of 2
experiments with n=4 per group each. Mice were injected s.c. with 1x105 TC-1 tumor cells on day 0 and
received “Help” vaccine in combination with control or agonistic αCD27 mAb on days 5, 8 and 11. (D)
Tumor sizes. (E) Overall survival.

subsequently delivered to antigen-presenting cells (APCs) is not known, but most likely part
of the antigen passively drains to the lymph node and many APCs that receive antigen are
not activated for lack of contact with “danger” signal. This follows from the fact that helper
epitope inclusion and consequent CD4+ T-cell help robustly promotes the CTL response to
the vaccine. We here make use of exogenous helper epitopes and the CD4+ T cells raised
can therefore not recognize the tumor, whilst they can deliver help for CTL priming and
memory programming.
Intravital imaging of T cells and APCs in the lymph node is elucidating how CD4+ T-cell
help for the CTL response is orchestrated. T-cell priming involves successive interactions
between T cells and different APCs in the lymph node, as guided by chemokines (30). In
a mouse model of virus infection, CD4+ and CD8+ T cells were seen to independently contact
XCR1- DCs. However, they next contacted the same XCR1+ DCs. This second priming event
promoted memory precursor formation and recall capacity of CD8+ T cells and thus proved
to be the platform for delivery of CD4+ T-cell help (31).
We have identified CD27/CD70 costimulation of CD8+ T cells as a key effector pathway of
CD4+ T-cell help. CD70 blocking strongly reduced the effects of CD4+ T-cell help, while 4-1BBL
or OX40L blocking had none or only modest effects. Moreover, CD27 agonism could largely
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replace CD4+ T-cell help in the generation and memory responsiveness of CTL. Findings in
mouse and human have already indicated the importance of CD27 signaling for primary
and memory CTL responses (32). In CD8+ T cell priming, CD27 signaling promotes clonal
expansion by anti-apoptotic and pro-metabolic effects (33). It broadens the TCR repertoire
of the effector T cell pool, by maintaining low affinity clones (34). CD70 can be induced on
DCs by PRR stimulation (35,36), so that both CD4+ and CD8+ T cells in the dLN may profit from
CD27/CD70 costimulation. Notably, CD8+ T cells make XCL1 upon CD27 costimulation, which
may promote their subsequent interaction with XCR1+ DCs (37). XCR1+ DCs may upregulate
CD70 expression when they contact CD4+ T cells, since CD70 expression is under control of
CD40 signaling (35,36). In this way, “licensed” DCs can exert CD27 costimulation of CD8+ T
cells (36,38).
CD27/CD70 costimulation is also important for CD4+ T cells. It promotes Th1 differentiation
in mouse and human (32,39,40). In our model, CD27 agonism did not induce a Treg
expansion. This is in agreement with a study in human where transient CD70 costimulation
of Tregs inhibited their suppressive function and converted them into Th1 cells (39). Tregs
can respond to therapeutic vaccination, as has been observed upon vaccination with long
peptides in human patients (41). However, we did not observe any effect of exogenous
helper epitope inclusion on nTreg expansion after vaccination. CD4-cell depletion improved
the effect of CD27 agonism, suggesting that natural Tregs did restrain CD8+ T cell priming to
the “No help” vaccine. Using tumor-intrinsic helper epitopes in vaccines has the advantage
that the effector CD4+ T cells raised can recognize the tumor and directly act upon the tumor
or indirectly by promoting CTL function (42). However, exogenous helper epitopes can be
useful when tumor-specific helper epitopes are unknown.
Strikingly, the CTL response raised upon combined CD27 agonism and CTLA-4 blockade
was greater in magnitude to the one raised after CD4+ T-cell help, also in the tumor, but this
did not improve tumor control. In contrast, combined CD27 agonism and PD-1 blockade
recapitulated the effects of CD4+ T-cell help on tumor control, even though the combination
did not significantly increase CTL priming or tumor infiltration as compared to CD27
agonism alone. PD-1 blockade most likely overruled suppression exerted on the CTLs in
the tumor site, so that they could kill their targets. This agrees with clinical data, where
the patient’s response to PD-1 blockade correlates with PD-L1 expression in the tumor (43).
If this is indeed the case, we conclude that CD4+ T-cell help also aids in overruling tumorassociated immune suppression. CD27 agonism could also enhance the efficacy of vaccine
that contained helper epitopes. This can easily be understood, since not all APCs that present
the vaccine antigen may have benefitted from CD4+ T-cell help. CD4+ T-cell help or antibodybased immunomodulation did not alter the low NK cell numbers in the tumor (results not
shown), but we do not exclude that NK cell activity may have contributed to the observed
treatment effects.
Our data highlight that CD27-agonism, CTLA-4 blockade and PD-1 blockade all optimize
the CTL response by distinct, non-redundant mechanisms. Combined CTLA-4- and PD-1
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blockade was previously shown to improve the efficacy of cellular vaccines against s.c.
implanted melanoma and colon cancer cell lines (44,45). However, in our setting, this
combination was much less potent than combined CD27 agonism and PD-1 blockade.
We have used a setting of overtly immunogenic cancer with viral epitopes. However,
the same principles apply in case of cancers that do not have pathogen-derived antigens,
but to which central tolerance is incomplete, such as cancers bearing neo-antigens or
immunogenic cancer-testis antigens. For example, CD27 agonism can stimulate a CTL
response to endogenous antigens in mouse melanoma and T cell lymphoma (46,47). We
believe that exploiting the division of labor between key costimulatory and coinhibitory
receptors provides a rational guideline to improve the efficacy of cancer therapy. This
includes therapeutic vaccination, but also radiation- or drug-based tumor cell destruction,
wherein the tumor acts as endogenous vaccine. A CD27 agonist mAb (48) is currently in
clnical trials and it will be of interest to observe how it performs, especially in combination
with PD-1 blockade.
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MATERIALS AND METHODS
Mice
Gender matched, 7-8 week-old C57BL/6J mice from The Jackson Laboratory (Bar Harbour,
Maine) were used in accordance with national guidelines and as approved by the institutional
Experimental Animal Committee (DEC) and maintained in HEPA-filtered isolators in a specific
pathogen-free facility.

Vaccination
HELP-E7SH and E7SH DNA vaccines were generated as described (22). The amino acid
sequences they encode are provided in Fig. S1. For DNA “tattoo” vaccination, the hair on
a hind leg was removed using depilating cream (Veet, Reckitt Benckiser) on day -1. On days
0, 3, and 6, mice were anesthetized and 15 μl of a 2 mg/ml DNA solution in 10 mM Tris, 1 mM
EDTA, pH 8.0 was applied to the hairless skin with a Permanent Make Up tattoo machine
(MT Derm GmbH), using a sterile disposable 9-needle bar with a needle depth of 1 mm and
oscillating at a frequency of 100 Hz for 45 sec (20, 23). For rechallenge, the hair removal step
was repeated at day -1 and mice received a single DNA tattoo and an i.p. injection with 5 μg
lipopolysaccharide (LPS) from E. coli 055:B5 (Sigma) in 100 μl Hank’s buffered salt solution
(HBSS) on day 0.

53

CD4 + T CELL HELP IN ANTI-CANCER VACCINATION

Antibody treatments

3

Blocking mAbs to CD70 (FR70) (24), CTLA-4 (9D9) and PD-1 (RMP1-14) or agonistic mAb to
CD27 (RM27-3E5) (25) were injected i.p. at 100 μg per mouse in 100 μl HBSS on each day of
primary vaccination and in case of FR70 mAb also at day 9. Control mice were injected with
equal amounts of rat IgG2b (LTF-2) or IgG2a (2A3) isotype controls (Bio X Cell). Depleting
anti-CD4-mAb (GK1.5, Bio X Cell) was injected i.p. at 200 μg per mouse in 100 μl HBSS on day
-2 and on each day of primary vaccination.

In vivo cytotoxicity assay
Splenocytes from naïve mice were labeled ex vivo with 0.1 μM carboxyfluorescein
succinimidyl ester (CFSE) (Life Technologies) and pulsed with 5 μM E749-57 peptide (specific
target), or labeled with 1 μM CFSE and left unpulsed (control). Subsequently, 5 x 106 cells
of each population were injected in the retro-orbital plexus of the same recipient mouse
and 16 h later, spleens were analyzed by flow cytometry. Percent killing was calculated as
follows: 100 – ([(% specific targets in vaccinated recipients/% control targets in vaccinated
recipients)/(% specific targets in control recipients/% control targets in control recipients)]
x 100).

Tumor challenge
At day 0, mice were injected s.c with 1x105 TC-1 tumor cells that express HPV16 E6 and E7
proteins (26). Vaccination was performed on the indicated days post-inoculation. Tumor
growth was measured by caliper in two dimensions. Tumor volume was calculated as:
volume = (width2 x length)/2. Mice were sacrificed when the tumor diameter reached 15
mm or when the tumor volume exceeded 1000 mm3. TC-1 cell line was received in 2015 from
Leiden University Medical Center; futher authentiction was not performed by the authors.

Tissue preparation and flow cytometry
Peripheral blood cells were obtained by tail bleeding; spleen, inguinal lymph nodes and
tumors were passed through a 70 μm cell strainer (BD Falcon). After erythrocyte lysis, cell
suspensions were washed and stained with relevant mAbs and phycoerythrin-conjugated
H-2Db/E749-57 tetramers (23). Fluorochrome-labeled mAbs employed were: anti-CD8α (53-6.7),
anti-CD4 (RM4-5), anti-IFNγ (XMG1.2), anti-TNFα (TN3-19.12), all from BD Biosciences or
eBioscience, anti-GZMB (CLB-GB11) (Enzo Life Sciences). Prior to cytokine detection with
the BD Cytofix/Cytoperm kit (BD Biosciences), cells were incubated for 16 h with 1 μg/ml
PADRE (AKFVAAWTLKAAA), E749-57 (RAHYNIVTF), or no peptide (control) in IMDM with 8%
FCS. In calculating the frequency of responder cells, the signal observed in corresponding
non-stimulated control samples was subtracted. Intracellular Foxp3 and Granzyme B (GZMB)
staining was performed after cell fixation and permeabilization using the Foxp3/transcription
factor staining buffer set (eBioscience). Flow cytometry was performed using the LSRFortessa
(BD Biosciences) and data were analyzed with FlowJo software (Tree Star Inc.). Live cells were
selected based on propidium iodide- or near-infra red dye (Life Techologies) exclusion.
54

CD4 + T CELL HELP IN ANTI-CANCER VACCINATION

Statistical Analysis
Data was analyzed with GraphPad Prism software using unpaired two-tailed Student’s t
test or a Log-rank test. Error bars in figures indicate SD. A P value < 0.05 was considered
statistically significant; *P < 0.05, **P <0.005, ***P < 0.001 and ****P < 0.0001.
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SUPPLEMENTAL DATA

Figure S1

signal peptide

TTFC p30 pan HLA-DP epitope

mtsatgsrtslllafgllclpwlqegsatsgs

gpgpgpg!

PADRE pan HLA-DR epitope HIV Nef56-68 pan HLA-DQ epitope

fnnftvsfwlrvpkvsashle! gpgpgpg!

akfvaawtlkaaa!

gpgpgpg!

awleaqeeeevgf!

gpgpgpg!

gslemhgdtptlheYMLDLQPETTdlycicsqkpkcdstlrlcvqsthvdirtledLLMGTLGIVcpyeqlndsseeedeidgpagqaepdRAHYNIVTFccqpettdlycyeqlndssehynivtf
cckcdstlrlcmgTLGGIVCPIcsqkpkdel**

3

“gene shufﬂed” HPV16 E7 protein

Figure S1. Sequence of HELP-E7SH vaccine. Grey highlights represent gpgpgpg spacers included to
avoid formation of CD8+ T-cell epitopes at the junctions. Capital letters represent CD8+ T-cell epitopes;
immunodominant epitope is marked in bold.
Figure S
blood

dLN
3.4

4.3

1.9

non-dLN

Help

3.3

dLN

spleen

non-dLN

1

3

7
E7
b

1
1

1
1 1
CD8

1.1

1 1

1

1.6

6.5

No Help
+
7

4

1

7

1

1
H

Help+

blood

spleen
1
No Help

1

1

1

1

3

1

4

CD8

Figure S2. Representative staining for the experiments shown in Figure 2A-D. Cells from indicated
organs were stained with H-2Db/E749-57 tetramer and anti-CD8 mAb at day 10. Numbers indicate
the percentage of H-2Db/E749-57 tetramer+ cells within total CD8+ T cells.
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Figure S3. Test role of 4-1BB and OX40 costimulation in CD4+ T-cell help for the CTL response.
Mice (n=6 per group) were challenged with “Help” or “No Help” vaccine on days 0, 3 and 6. The “Help”
vaccinated mice were treated at the same time with isotype control mAb, blocking α4-1BBL mAb
TKS- 1, or blocking αΟX40L mAb RM134L (Bio X Cell). (A) Percentage of H-2Db/E749-57 tetramer+
cells among total CD8+ T cells in blood over time. (B) Absolute numbers of H-2Db/E749-57 tetramer+
CD8+ T cells in dLN and spleen at day 10. (C,D) At day 10, 3 mice per group were sacrificed and blood,
LNs and spleen were analyzed by flow cytometry. (C) Frequencies of GZMB+ cells among total CD8+
T cells, as determined directly ex vivo. (D, E) Frequencies of IFNγ+TNFα+ cells among total CD8+ (D)
and CD4+ (E) T cells, as determined after 16 h in vitro stimulation of total LN- or spleen cells with
MHC Class I-, or MHC Class-II restricted peptides or no peptide (control). Results are representative of
2 independent experiments.
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CD4+ T cells optimize the cytotoxic T cell (CTL) response in magnitude and quality, by unknown
molecular mechanisms. We here present the transcriptomic changes in CTLs resulting from
CD4+ T-cell help after anti-cancer vaccination or virus infection. The gene expression signatures
reveal that CD4+ T-cell help during priming optimizes CTLs in expression of cytotoxic effector
molecules and many other functions that ensure efficacy of CTLs throughout their life
cycle. Key features include downregulation of PD-1 and other coinhibitory receptors that
impede CTL activity, and increased motility- and migration capacities. “Helped” CTLs acquire
chemokine receptors that help them reach their tumor target tissue and metalloprotease
activity that enables them to invade into tumor tissue. Remarkably, a very large part of
the “help” program is instilled in CD8+ T cells via CD27 costimulation. The “help” program thus
benefits CTLs by many newly recognized, therapeutically relevant molecular mechanisms,
even when pathogen is present.
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INTRODUCTION
CTLs defend us against intracellular infections and cancer. Naïve CD8+ T cells do not yet
express all the proteins required for CTL function. CD8+ T cells undergo CTL effector- and
memory differentiation after their activation in lymphoid organs. These differentiation
processes involve transcriptional and epigenetic changes and are regulated by pairs of
transcription factors. Among these, T-bet and Eomes together dictate CTL identity, wherein
T-bet promotes a short-lived effector state and Eomes favors a memory precursor state. Id2
and Blimp-1 contribute to the generation of short-lived, terminally differentiated effector
CTLs, while Id3 and Bcl-6 contribute to the generation and maintenance of memory
CTLs (1,2).
During priming, CD4+ T cells can promote clonal expansion, effector- and memory
differentiation of CD8+ T cells (3–5). For this reason, therapeutic vaccines include MHC Class
II binding “helper” peptides (6). A DC acts as the intermediate to deliver CD4+ T-cell help to
a CD8+ T cell (Figure 1A). Recent intravital imaging studies have revealed this cellular scenario
in vivo (7,8). CD4+ and CD8+ T cells initially find their antigen on distinct DC populations, but
in a newly acknowledged, second step of T-cell priming, they simultaneously interact with
the same lymph node-resident XCR1+DC. CD4+ T-cell help for the CTL response is most likely
delivered at this cellular interface, since depletion of XCR1+ DCs abrogated the memory
CTL response (7).
When a CD4+ T cell recognizes antigen on a DC, it upregulates CD40 ligand and triggers
CD40 on the DC. CD40 signaling upregulates CD80/CD86 and CD70 on the DC that in turn
trigger the costimulatory receptors CD28 and CD27 on the CD8+ T cell. The DC also makes
particular cytokines, including IL-15, in response to CD4+ T-cell contact. These costimulatoryand cytokine signals emanating from the DC are important for delivery of CD4+ T-cell help for
the CTL response (5,9–11).
Memory CTL differentiation always requires CD4+ T-cell help, but in many infection
models the primary CTL response appeared helper-independent. Generally, it is assumed
that the primary CTL response only requires CD4+ T-cell help when PRR- and/or inflammatory
signals are lacking (3,4). However, these studies have not examined the effects of CD4+
T-cell help on CTL effector differentiation globally at the molecular level. We here present
the gene expression signatures that discern “helped” from “non-helped” CTLs, as identified
in vaccination- and virus infection settings. The “help” signatures derived from both settings
have evident commonalities and identify a general program of CTL effector differentiation
resulting from CD4+ T-cell help. This program includes suspected, but also many novel
aspects of CTL effector differentiation that prove to be essential for an optimal anti-tumor
response. Moreover, we identify CD27 costimulation as the key pathway that installs
the “help” program in primed CD8+ T cells.
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Figure 1. Transcriptional signature of CD4+ T cell help for the CTL response. (A,B) Frequency of E7specific CD8+ T cells in spleen at day 10. (B) Representative flow cytometric plot indicating in the boxes
(H-2Db/)E7-specific CD8+ T cells as isolated for RNAseq. (C) MA plot depicting results of comparative
transcriptome analysis of E7-specific CD8+ T cells (3 samples, n=3 each). Normalized read counts were
analyzed for log2 fold change (FC) differential expression and log2 count per million (CPM). Blue and
red dots indicate transcripts with significant differential expression. (D) Enrichment map (BiNGO)
classifying differentially expressed genes into functional categories. Nodes represent biological process
terms from Gene Ontology (See Table S1). Highly connected terms were grouped and annotated
manually by a shared term. (E) Outline of virus infection experiment for RNAseq. (F) Frequencies
of LCMV GP33-41 and NP396-404-specific CD8+ T cells in spleen at day 8. (H) MA plot depicting results of
comparative transcriptome analysis of these T cells. (G) Enrichment analysis of “Help” signature genes
from the vaccination setting in the “Help” and “No help” gene expression signatures from the virus
infection setting. Graphs show enrichment scores (ES) for upregulated (red) or downregulated (blue)
genes. Data in C and D are from one experiment representative of three experiments with n=5. Error
bars indicate SD, **P <0.005 (unpaired two-tailed Student’s t test). See also Figure S1 and Table S1.

RESULTS
Transcriptional signature of CD4+ T-cell help in CD8+ T cells
To examine how CD4+ T-cell help impacts on the CTL response, we have primarily used
a mouse model of therapeutic anti-cancer vaccination (10). A comparative setting was
created using two DNA vaccines that encode the human papilloma virus (HPV) E7 protein
either with the immunodominant, MHC Class I-restricted epitope E748-57 alone (“No Help”),
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or in conjunction with exogenous, HPV-unrelated MHC Class II-restricted helper epitopes
(“Help”) (Figure S1A). As shown before (Ahrends et al., 2016), helper epitopes significantly
increased the generation of E7-specific- and Granzyme B+ CD8+ T cells and their intrinsic CTL
activity (Figure S1B-D).
To reveal the molecular basis of CD4+ T-cell help for the CTL response, we performed
mRNA deep sequencing (RNAseq) of “helped” versus “non-helped” CD8+ T cells. E7-specific
CD8+ T cells were isolated from spleen at day 10 (Figure 1B,C), when the response peaks
(Figure S1B) and functional CTLs are present (Figure S1C,D). Statistical analysis of normalized

4

transcript read counts indicated differential expression of 969 genes in E7-specific CD8+ T
cells (Figure 1D, Figure S1E,F) (GSE89665). These genes encode a great diversity of proteins
(Figures S1F), assigned to a multitude of cellular functions, including “lymphocyte activation”,
“lymphocyte differentiation”, “cell motility and migration” (Figure 1E; Table S1).
We also examined the impact of CD4+ T-cell help in a virus infection model. Mice were
infected with the acute Lymphocytic Choriomeningitis Virus (LCMV) strain Armstrong and
depleted for CD4+ T cells (“No Help”) or not (“Help”) (Figure 1F; Figure S1G). CD8+ T cells specific
for GP33-41 and NP396-404 in H-2Db were isolated from the spleen at the peak of the response
(Figure 1G; Figure S1G) and analyzed by RNAseq. A total of 976 genes was differentially
expressed in virus-specific CD8+ T cells (Figure 1H, Figure S1H,I) (GSE89665). Gene set
enrichment analysis (GSEA) (Figure 1I) and hierarchical clustering (Figure S1J) indicated
a significant overlap in the transcripts that constituted the “help” signature in the vaccinationand virus infection settings (see also Table S1). Accordingly, the differentially expressed
transcripts in the infection setting were assigned to a similar diversity of cellular functions
as in the vaccination setting (Figure S1K). In conclusion, we revealed by transcriptomics that
CD4+ T-cell help during priming instills a specific gene expression program into CTLs, also
when they are primed in presence of pathogen-derived signals.

CD4+ T-cell help controls effector differentiation of CD8+ T cells
Ingenuity Pathway Analysis (IPA) identified among differentially expressed proteins in
the “Help” versus “No Help” vaccination setting the functional categories “T-cell response”,
“cytotoxicity of cells”, “activation of T lymphocytes” and “differentiation of helper T
lymphocytes” (Figure 2A, Table S2), which validated the dataset. CD4+ T-cell help promotes
cytotoxic function of CTLs on a per cell basis (Figure S1D) and accordingly, it significantly
upregulated the cytotoxic effector molecules TNF, FASL, GZMB and IFNγ at the mRNA- and
protein level (Figures 2A,B). IL-2 and the IL-2 receptor α chain (CD25) and TNFRSF9 (CD137,
4-1BB) that are important for CTL survival and memory formation (12) were also upregulated
at the mRNA- and protein level (Figures 2A,B). CD69 was also a reporter of CD4+ T-cell help.
Furthermore, CD4+ T-cell help increased the frequency of CD44+CD62L- effector phenotype
CD8+ T cells (Figure 2C) and the absolute numbers of CD8+ T cells with a CD127+KLRG1memory precursor (MPEC) phenotype, as well as those with a CD127-KLRG1+ short-lived
effector (SLEC) phenotype (1) (Figures 2D,E). This suggested that “help” promoted both
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Figure 2. CD4+ T cell help controls effector differentiation of primed CD8 + T cells. (A) Molecules
differentially expressed in E7-specific CD8+ T cells after “Help” versus “No Help” vaccination, as assigned
to functional categories and annotated for subcellular localization by IPA (see also Table S2). (B-F) Protein
expression of indicated molecules by E7-specific CD8+ T cells in the comparative vaccination settings
at day 10 in the spleen. (B,F) Primary flow cytometric analyses of cytotoxic effector molecules (B) and
transcription factors (F). Numbers in plots indicate mean fluorescence intensity (MFI). Naïve CD8+ T
cells (CD44-CD62L+) are shown in grey as controls. (C-E) Effector and memory markers. (C) Frequencies
of CD44+CD62L- cells within E7-specific CD8+ T cells. (D) Numbers of E7-specific CD8+ T cells in indicated
subsets, based on flow cytometric analysis shown in (E). (E) Primary flow cytometric analysis for CD127
and KLRG1. Data are from one experiment representative of three experiments with n=3-6. Error bars
indicate SD, *P < 0.05, **P <0.005, ***P < 0.001 and ****P < 0.0001 (unpaired two-tailed Student’s t test).
See also Figure S2.
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cell fates, as supported by presence in the gene expression dataset of transcription factors
involved in effector- and memory T-cell differentiation. In “helped” E7-specific CD8+ T cells,
T-BET and IRF4 protein expression (Figure 2F) was higher than in “non-helped” cells, while
TCF7 (=TCF1), ID3 and EOMES protein expression (Fig. 2A,F) was lower.
In the dataset from the virus infection model, IPA also identified among differentially
expressed proteins the functional categories “T-cell response”, “cytotoxicity of cells”,
“activation of T lymphocytes” and “differentiation of helper T cell lymphocytes”
(Figure S2A, Table S2). Furthermore, the hits included TNF, FASL, PRF1 and GZMB. In line with
the promotion of both SLEC and MPEC differentiation by CD4+ T-cell help, certain relevant
molecules, including transcription factors, were differentially expressed in both datasets.

4

CD8+ T cells primed in absence of CD4+ T-cell help are functionally impaired by
coinhibitory receptors
One of the striking novel effects of CD4+ T-cell help was the downregulation on “helped”
E7-specific CD8+ T cells of coinhibitory receptors. This was observed both in the vaccination
model (Figure 2A) and the infection model (Figure S2; Figure S3B) and included PD-1
(PDCD1), BTLA, LAG3, CD200R (and its ligand CD200). Flow cytometry of cells derived
from spleen, blood and draining lymph node (dLN) indicated higher protein expression
of these coinhibitory molecules on “non-helped” as compared to “helped” CD8+ T cells
after vaccination (Figures 3A,B). The cell-intrinsic expression level of these receptors was
increased, while the frequencies of cells expressing them were not different in the “Help”
versus “No help” setting (Figure S3A).
To examine whether the coinhibitory receptors impeded priming of “non-helped” CD8+
T cells, we vaccinated mice with the “No help” vaccine alone, or together with blocking mAb
to PD-1, BTLA, or LAG3. Blocking of BTLA slightly increased the magnitude of the E7-specific
CD8+ T-cell response, but blocking of PD-1 or LAG3 had no effect (Figure 3C). Next, we tested
whether the coinhibitory receptors impeded the cytotoxic function of “non-helped” CTLs.
E7-specific CD8+ T cells, isolated at day 10 after vaccination, were tested in vitro for killing
of E749-57 peptide-pulsed target cells (Figure 3D). At a 1:1 effector-target ratio, “helped” CTLs
were significantly more effective than “non-helped” CTLs. The CTL activity of “non-helped”
CD8+ T cells improved significantly when PD-1, LAG3 or BTLA were blocked by specific mAb,
while that of “helped” CTL was hardly affected (Figure 3D). CD200R blocking had no effect.
At a 1:1 effector-target ratio, the activity of “non-helped” CTLs was similar to that of “helped”
CTL when PD-1 or BTLA were blocked. However, at a 1:5 effector-target ratio, “helped” CTLs
were still more effective, in line with the fact that “non-helped” CTLs express lower amounts
of cytotoxic molecules on a per-cell basis (Figure 2). We conclude that PD-1, BTLA and LAG3
inhibit CTL effector function of “non-helped” CTLs in a reversible manner.
We also examined how coinhibitory receptors impacted the in vivo anti-tumor activity
of “non-helped” E7-specific CD8+ T cells. TC-1 tumor cells expressing HPV E7 protein were
implanted s.c. and five days later, mice were vaccinated with “Help” or “No Help” vaccine
alone or in combination with blocking mAb to PD-1, BTLA or LAG-3, or the triple combination
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Figure 3. “Non-helped” CTLs express coinhibitory receptors that impede their effector function.
(A,B) Protein expression of indicated molecules as determined by flow cytometry on E7-specific CD8+ T
cells isolated from indicated tissues at day 10 after vaccination. (A) Representative flow cytometric plots
of cells from blood, unstained controls are shown in grey. (B) MFI of the indicated markers on the subset
of E7-specific CD8+ T cells from indicated tissues that were positive for that marker (n=3). (C) Frequency
of E7-specific CD8+ T cells in blood over time in mice that received the indicated vaccine combined with
control or blocking mAb directed against PD-1, BTLA, or LAG3. (D) E7-specific CD8+ T cells were isolated
from spleens of vaccinated mice at day 10 and incubated at a 1:1 or 1:5 ratio with E749-57-peptide-loaded
or non-loaded splenocytes. Indicated mAbs were added and specific killing of target cells was analyzed
12 h later. (E) Overall survival of mice injected s.c. with 2x105 HPV-E7 expressing TC-1 tumor cells on day
0 and treated on days 5, 8 and 11 with “Help” or “No Help” vaccine, either alone or combined with isotype
control or blocking mAbs to PD-1, BTLA and/or LAG3. Data are from one experiment representative of
three experiments with n=3-5. Error bars indicate SD, *P < 0.05, **P <0.005, ***P < 0.001 (unpaired twotailed Student’s t test in A-D and log-rank test in E). See also Figure S3.
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(Figure 3E). All mice that had received the “Help” vaccine survived long-term, while mice
that had received “No Help” vaccine had to be sacrificed between day 20 and 30 due to
tumor outgrowth (Figure 3E). Blocking of BTLA improved tumor control, while blocking of
PD-1 or LAG3 alone had no effect. Blocking all three molecules together was most beneficial
(Figure 3E), indicating that the coinhibitory receptors partly complemented each other’s
functions. Taken together, these data show that CD8+ T cells primed in the absence of
CD4+ T-cell help upregulate various coinhibitory receptors that directly inhibit CTL effector
function and thereby undermine anti-tumor efficacy.

4

CD4+ T-cell help controls the migratory potential of CD8+ T cells
CD4+ T-cell help also regulated in responder CD8+ T cells a great variety of molecules involved
in cell motility and migration (Figure 1E, I; Table S3). IPA assigned a host of differentially
expressed molecules from both the vaccination and infection settings to the functional
category “leukocyte migration” (Figure 4A; Figure S4; Table S3). In the vaccination
setting, there was also a large number of differentially expressed molecules assigned to
the functional category “Invasion of cells” (Figure 4A). These data suggested that CD4+ T-cell
help improves the capacity of CTLs to migrate to non-lymphoid “effector” tissue. We tested
this in our TC-1 tumor model. Effector T cells are known to extravasate under guidance of
chemokines presented by endothelial cells in inflamed tissue (13). TC-1 cells form upon
s.c. implantation a dense mass that is enveloped by blood vessels (Figure 4B), as identified
in immunohistochemistry (IHC) by the endothelial marker CD31. The tumor border was
identified by the presence of Vimentin+ tumor cells (Figure 4C).
In the absence of vaccination, TC-1 tumors were devoid of CD8+ T cells (Figure 4C). In
mice that had received “Help” vaccine, E7-specific CD8+ T-cell infiltration into the tumor
peaked (30%) at day 20 when tumor volume was decreasing (Figure 4D). Five days later,
tumors were no longer palpable. In mice that had received “No Help” vaccine, E7-specific
CD8+ T-cell infiltration into the tumor had reached only 3% at day 20 (Figure 4D). Thereafter,
infiltration increased up to 20%, but tumor outgrowth was not controlled (Figure 4D). To
examine whether “helped” versus “non-helped” CTLs differed in cell-intrinsic migratory
potential, we performed adoptive transfer experiments. E7-specific CD8+ T cells, isolated
at day 10 from mice that had received “Help” or “No Help” vaccine, were injected in equal
numbers into two groups of TC-1 tumor-bearing mice. At 48 h after adoptive transfer, there
was a significantly higher density of intra-tumoral CD8+ T cells in mice that had received
“helped” CTLs as compared to mice that had received “non-helped” CTLs (Figure 4E). Thus,
CTLs primed in the presence of CD4+ T-cell help have better, cell-intrinsic, abilities to traffic
to the tumor site.
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Figure 4. CD4+ T cell help controls the migratory potential of CTLs. (A) Molecules differentially
expressed in E7-specific CD8+ T cells from the “Help” versus “No Help” vaccination setting as assigned
by IPA to the indicated functional categories (see also Table S3). (B,C) Mice were injected s.c. with 2x105
TC-1 tumor cells and the tumor was analyzed 10 days later. (B) Macroscopic image. (C) Representative
IHC for CD31, Vimentin and CD8. (D,E) Entry of E7-specific CD8+ T cells into TC-1 tumors after vaccination.
(D) Mice were injected s.c. with TC-1 tumor cells on day 0 and vaccinated on days 5, 8 and 11. At
the indicated days, tumor size was determined, tumors were harvested and frequency of E7-specific
CD8+ T cells among CD45.2+ cells in the tumor was determined. (E) CD45.2+ donor mice were vaccinated
and E7-specific CD8+ T cells were isolated at day 10 from spleen. They were adoptively transferred in
equal numbers to CD45.1+ recipient mice that had been implanted s.c. with TC-1 tumor cells on day
0. Tumors were analyzed by IHC 48 h later. Right panels: representative slides depicting CD8 staining
in tumors from mice injected with “Helped” or “Non-helped” tumor-specific CD8+ T cells. Left panel:
Density of “Helped” or “Non-helped” tumor-specific CD8+ T cells in the tumors in numbers per mm2, as
determined by Image J analysis of slides. Data in D,E are from one experiment representative of two
experiments with n=3-6. Error bars indicate SD, **P <0.005 (one-way ANOVA test, LSD post-hoc). See
also Figure S4.

72

CD4 + T CELL HELP FOR PRIMARY CTL RESPONSE

CD4+ T-cell help improves extravasation potential of CTLs by upregulation of
CXCR4 and CX3CR1
“Helped” CD8+ T cells upregulated mRNA encoding various chemokine receptors. In
the vaccination model, these included CXCR4 and CX3CR1 (Figure 4A) that have been
implicated in T-cell trafficking to tumors (14,15). Protein levels of CXCR4 and CX3CR1 were
also significantly higher on “helped” as compared to “non-helped” CD8+ T cells (Figure 5A).
To determine the functional relevance of CXCR4 and CX3CR1, we tested the cell-intrinsic
capacity of ex vivo isolated “helped” versus “non-helped” CD8+ T cells to migrate towards their
respective ligands CXCL12 and CX3CL1 in vitro. Among “helped” CD8+ T cells, about 20%
of migrated towards CXCL12 and 50% towards CX3CL1 (Figure 5B). The migration efficacy
was reduced to about 5% when CXCR4 or CX3CR1 were blocked by their respective smallmolecule inhibitors: AMD3100 or 18a. “Non-helped” CD8+ T cells migrated with an efficiency
of about 5%, which was not affected by blocking of CXCR4 or CX3CR1 (Figure 5B), indicating
that these chemokine receptors did not contribute to the migration of “non-helped” CD8+ T
cells. “Helped” CD8+ T cells also migrated significantly more efficiently through an endothelial
cell layer than “non-helped” CD8+ T cells (Figure 5C).
Next, we examined whether CXCR4 and CX3CR1 contributed to the superior capacity
of “helped” CTLs to reach the tumor site. For this purpose, ex vivo sorted “helped” and
“non-helped” E7-specific CD8+ T cells were injected in equal numbers into distinct groups
of tumor-bearing recipient mice. Tumors showed expression of both CX3CL1 and CXCL12
(Figure 5D). Two groups of mice that had received “helped” CD8+ T cells were treated with
inhibitor AMD3100 or 18a. At 48 h after adoptive T-cell transfer, T-cell infiltration into TC-1
tumors was evaluated by IHC for CD8 (Figure S5). The density of CD8+ T cells in the tumor was
significantly higher in mice that had received “helped” as compared to “non-helped” CD8+
T cells and this was significantly reduced by CXCR4 or CX3CR1 inhibition (Figure 5E). These
data indicate that CXCR4 and CX3CR1 assist “helped” CD8+ T cells in reaching the tumor.
To examine whether “helped” CD8+ T cells depended on CXCR4 and CX3CR1 for their
anti-tumor activity, tumor-bearing mice received “Help” or “No Help” vaccine either alone or
combined with AMD3100 and 18a. This curative effect of the “Help” vaccine was significantly
reduced upon combined blocking of CXCR4 and CX3CR1, while the mean survival of the mice
that had received “No Help” vaccine was not affected (Figure 5F). Taken together, these
data show that expression of CXCR4 and CX3CR1 as a result of CD4+ T-cell help increases
the potential of CTLs to reach a tumor site and to consequently control the tumor.

4

CD4+ T-cell help promotes the ability of CTLs to digest extracellular matrix and
invade tissues
It can also be expected that efficacy of CTLs depends on their ability to penetrate into
effector tissues (Chen and Mellman, 2013). Matrix metalloproteases (MMPs) digest diverse
extracellular matrix components and are therefore important in tissue invasion. They are
well known attributes of tumor cells, but receive less attention in T-cell function. Remarkably,
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4

Figure 5. “Helped” CTLs have improved migratory and invasive potentials due to chemokine receptor
expression and metalloprotease activity. (A) Flow cytometric detection of CXCR4 and CX3CR1 on E7specific CD8+ T cells isolated from blood at day 10 after vaccination (n=3). Numbers in plots indicate
MFI. (B,C) In vitro migration of E7-specific CD8+ T cells isolated from spleen at day 10 after vaccination.
(B) Equal numbers of E7-specific CD8+ T cells were plated in the upper well of a migration chamber
in presence or absence of inhibitors to CXCR4 (AMD3100) or CX3CR1 (18a). Recombinant CXCL12,
CX3CL1 or no chemokine (control) was added to the lower wells and frequency of live transmigrated
cells was analyzed after 24 h. (C) As for (B), but with confluent endothelial cells (sEND.1) in the upper
well and medium with or without 20% FCS in the lower well and analysis after 24 or 48 h. (D-J) In vivo
migration. Mice were injected s.c. with 2x105 TC-1 tumor cells on day 0 and vaccinated on days 5, 8 and
11. (D) Flow cytometric detection of CX3CL1 and CXCL12 on CD45-negative cells in tumors isolated
from mice at day 15 (grey, unstained samples). (E) Equal numbers of “helped” or “non-helped” CD45.2+
E7-specific CD8+ T cells isolated from spleens of at day 10 after vaccination were transferred into TC-1
tumor-bearing CD45.1+ recipient mice. Mice were treated with AMD3100 (100 mg) or 18a (50 mg) on
the day of transfer (0 h) and 24 h later. CD8+ T cell numbers in tumors were determined by IHC at 48 h.
(F) Overall survival or mice injected s.c. with 2x105 TC-1 tumor cells on day 0 and vaccinated on days 5, 8
and 11 in combination with AMD3100 and 18a injection. (G) “Helped” or “non-helped” E7-specific CD8+
T cells were isolated from spleen at day 10 after vaccination and plated in equal numbers in the upper
well of a migration chamber that was coated with collagen IV and contained pan-MMP inhibitor
GM6001 as indicated. The lower well contained medium with or without 10% FCS. The frequency of live
transmigrated cells was analyzed after 24 h. (H-J) “Helped” or “non-helped” CD45.2+ E7-specific CD8+ T
cells were isolated from spleen at day 10 and transferred in equal numbers into CD45.1+ recipient mice
that had been implanted s.c. with TC-1 tumor cells. The indicated group was treated with GM6001 (200
mg) on the day of transfer (0 h) and 24 h later. CD8+ T cell numbers in tumors were determined by IHC
at 48 h, followed by quantitative analysis by ImageJ. (H) Frequency of CD8+ cells present at the border
and in the center of the tumor. (I) Frequency of intra-tumoral CD8+ cells detected at the indicated
distances from the tumor border. (J) Representative IHC images rendered as heat maps by ImageJ
showing the intensity of CD8 staining. Data are from one experiment representative of three (A-D and
G) or two (E-F, H-J) with n=3-5. Error bars indicate SD, *P < 0.05, **P <0.005, ***P < 0.001 and ****P <
0.0001 (unpaired two-tailed Student’s t test in B-C and G-H, one-way ANOVA test in E and log-rank test
in F). Error bars indicate SD, *P < 0.05, **P <0.005, ***P < 0.001 and ****P < 0.0001 (unpaired two-tailed
Student’s t test in D, one-way ANOVA test in F). See also Figure S6.

the transcriptome of “helped” CD8+ T cells in the vaccination model had a clear “invasion”
signature, in that transcripts encoding MMP-8, -9, -25, ADAM8 were significantly upregulated,
while the endogenous MMP inhibitor protein TIMP2 was significantly downregulated
(Figure 4A). Also, genes encoding ELANE and PLAUR, known to degrade ECM were
upregulated in “helped” CD8+ T cells. To assess the invasive potential of “helped” versus “nonhelped” CTLs, we performed in vitro transwell assays with CTLs isolated from vaccinated mice.
“Helped” CTLs migrated significantly more efficiently through a collagen layer than “nonhelped” CTLs (Figure 5G). The migration capacity of “helped” CTLs was reduced to that of
“non-helped” CTLs in presence of pan-MMP inhibitor GM6001, while the migration capacity
of “non-helped” CTLs was not affected (Figure 5G). This result indicated that CD4+ T-cell help
enables CTLs to digest and migrate through extracellular matrix by virtue of MMP activity.
We next investigated the invasive capacity of CTLs in a TC-1 tumor setting. To determine
the extent of tumor invasion quantitatively by IHC, we used the tumor-associated CD31+
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blood vessels as a reference point (Figure 4C). “Helped” CTLs had a significantly greater
capacity to penetrate into tumors than “non-helped” CTLs (Figure 5H). Almost 80% of all
“non-helped” CTLs were located at the tumor border, while “helped” CTLs were much more
dispersed throughout the tumor (Figures 5H-J). Tumor invasion by ‘helped” CTLs relied
on MMPs, as it was significantly reduced in mice treated with MMP inhibitor GM6100
(Figures 5H-J). Thus, CD4+ T-cell help enables CTLs to invade non-lymphoid (epithelial) tissue
by virtue of their enhanced MMP activity.

Installation of the transcriptional program of CD4+ T-cell help depends on
CD27/CD70 costimulation
We have previously shown in the vaccination model that CD27/CD70 costimulation is very
important in the delivery of CD4+ T-cell help, as read out by various cellular aspects of the CTL
response (10). We here examined the effects of the CD27/CD70 pathway by transcriptomic
analysis. For this purpose, we created two comparative settings: “No Help” vaccination
with or without CD27-agonism, or “Help” vaccination with or without CD70-blocking
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4

(Figure 6A). CD27 costimulation in absence of “help” altered the expression of 1120 genes in
E7-specific CD8+ T cells. Strikingly, the gene expression pattern obtained was highly similar
to that instilled by CD4+ T-cell help (Figure S6; Table S1) and thus a diversity of functional
processes was instilled into CD8+ T cells (Figure 6B; Table S1). Gene-set enrichment analysis
further underlined that CD27/CD70 costimulation is a key effector pathway of CD4+ T-cell
help for the CTL response: CD27-regulated genes, identified upon treatment with CD27
agonist mAb, were significantly enriched for “Help” signature genes (Figure 6C), while
CD27-independent genes, identified upon treatment with anti-CD70 blocking mAb, were
enriched in the “No Help” signature (Figure 6D). Signature genes regulated by the CD27/
CD70 pathway were similarly enriched in the “Help” signature derived from the virus
infection setting (Figure S6C,D). Figure 6E highlights for a number of relevant molecules that
CD27 agonism recapitulated the effect of “Help” in many, but not all cases. CD70-blocking in
the “Help” setting mirrored the effect of CD27-agonism in the “No help” setting, indicating
the specificity of the effects (Figure 6E).
In vitro, CD27 engagement downregulated PD-1, BTLA and LAG3 on “non-helped” CTLs
that had been isolated ex-vivo. It did not affect expression of CD200R (Figure 6F). In vitro
CTL activity was also significantly improved on a per cell basis (Figure 6G). In vivo treatment
with CD27 agonist mAb in the “No Help” vaccination setting significantly improved tumor
control and overall survival of the mice (Figure 6H). Tumor control was CTL-mediated, since
it was abolished when mice were depleted for CD8+ T cells. CD8+ T-cell depletion did not
affect tumor control and overall survival of non-vaccinated mice, indicating that TC-1 cells
do not raise a CTL response by themselves (Figure 6H). Together, these data indicate that
the transcriptional program instilled into responder CD8+ T cells downstream of CD4+ T-cell
help is largely, but not exclusively dependent on CD27/CD70 costimulation.

Figure 6. Contribution of CD27/CD70 costimulation to installation of the “Help” gene expression
signature in CD8+ T cells. (A) Cartoon depicting CD27/CD70 costimulation as potential effector
pathway for delivery of CD4+ T cell help to CD8+ T cells and mAb-based interventions to test this. (B-E)
Mice received “Help” vaccine and blocking αCD70 mAb or “No Help” vaccine and agonist αCD27 mAb
and E7-specific CD8+ T cells isolated at day 10 from spleen were subjected to transcriptome analysis.
(B) Enrichment map (BiNGO) classifying genes differentially expressed between “No Help + αCD27”
and “No Help” groups into functional categories. (C,D) Enrichment analysis of “No Help + αCD27”
(C) and “Help +aCD70” (D) signature genes in the “Help” and “No help” gene expression signatures.
Graphs show enrichment scores (ES) for upregulated (red) or downregulated (blue) genes. (E) Relative
mRNA expression based on reads per kilobase per million (RPKM) of the indicated genes in the listed
comparative groups. (F,G) “Helped” or “non-helped” E7-specific CD8+ T cells isolated from spleen at day
10 after vaccination were treated with αCD27 or isotype control mAb in vitro. (F) Protein expression
(MFI) of indicated molecules on E7-specific CD8+ T cells according to flow cytometry. (G) Specific killing
of splenocytes loaded with E749-57-peptide by E7-specific CD8+ T cells from the indicated settings.
(H) Overall survival or mice injected s.c. with 2x105 TC-1 tumor cells on day 0 and treated with “Help”
or “No Help” vaccine on days 5, 8 and 11 in combination depleting CD8 mAb, agonist CD27 mAb or
the combination. Data in F-H are from one experiment representative of two experiments with n=3-5.
Error bars indicate SD, *P < 0.05, **P <0.005 and ***P < 0.001 (ROAST test in C,D; unpaired two-tailed
Student’s t test in F,G and log-rank test in H). See also Figure S6 and Table S1.
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Delivery of CD4+ T-cell help requires CD27 on CD8+ T cells and CD70 on DCs
Our data argue that CD27 agonist mAb in the “No Help” vaccination setting directly acts on
antigen-specific CD8+ T cells, since we have previously shown that there is no CD4+ T-cell
response to the “No Help” vaccine (10). To examine this directly, we made use of ovalbumin
(OVA)-specific OT-I T cells that were either wild-type (WT) or genetically deficient for CD27
(Peperzak et al., 2010). Mice were vaccinated with DNA encoding the immunodominant
OVA257-264 epitope, in conjunction with the helper epitope cassette (“Help”) or not (“No Help”).
CD45.2+ WT or CD27-/- OT-I T cells were transferred into WT CD45.1+ recipient mice that were
subsequently treated with either vaccine (Figure 7A). In the “Help” setting, CD27-/- OT-I T
cells responded to a significantly lesser extent than did WT OT-I T cells and the endogenous
OVA-specific CD8+ T cells of the WT recipient (Figure 1B). In the “No Help” setting, CD27-/and WT OT-I T cells and endogenous OVA-specific CD8+ T cells of the WT recipient showed
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comparable, low responses (Figure 1B; Figure S7A). Moreover, CD27-/- OT-I T cells, but not
WT OT-I T cells, isolated at day 10 after “Help” vaccination expressed significantly higher
levels of coinhibitory receptors PD-1, BTLA and LAG-3 and lower levels of KLRG1, CD127,
IFNγ, GZMB, T-BET and CX3CR1 when compared to endogenous OVA-specific CD8+ T cells of
the WT recipient (Figure 7C,D; Figure S7B). CD200R and CXCR4 upregulation by “Help” did
not depend on the presence of CD27 on CD8+ T cells. These data indicate that CD4+ T-cell
help is to large extent delivered via CD27 on antigen-specific CD8+ T cells.
We next tested whether CD70 on DCs was required to transmit the CD4+ T-cell help
signal. For this purpose, we compared the response of WT OT-I T cells to OVA257-264 peptidepulsed WT versus CD70-/- DCs 18 (Figure 7E). To mimic the CD4+ T-cell help signal, the DCs
were stimulated with CD40-agonist mAb in vitro prior to transfer, which upregulated CD86
and, in the case of WT DCs, also CD70 (Figure S7C). OT-I T cells expanded only in response
to CD40-stimulated DCs and the response was significantly higher to WT- as compared to
CD70-/- DCs (Figure 7F; Figure S7D). Furthermore, expression of “Help” signature molecules
was affected by the absence of CD70, except for CD200R and CXCR4 that were not regulated
by CD27 (Figure 7G).
To test whether CD27 on CD4+ T cells was required for the delivery of “Help”, we adoptively
transferred CD45.1+ WT OT-I T cells into CD45.2+ CD27-/- recipients. In these recipients, CD27
on CD4+ T cells cannot participate in the OT-I T-cell response (Figure 7H). OVA-specific CD8+ T
cells significantly profited from CD4+ T-cell help in terms of magnitude of the response (Figure
7I; Figure S7E). Moreover, the “Help” signature molecules were regulated in the same manner
as shown before (Figure 7J). Thus, CD27 on CD4+ T cells was not essential for the delivery of
“Help” for the primary CTL response. Taken together, these data indicate that CD27 on CD8+
T cells and CD70 on DCs are required for delivery of CD4+ T-cell help for the CTL response.

DISCUSSION
It is important to understand the cellular functions and molecular programs underlying
CD4+ T-cell help for the CTL response. Molecules that are part of the “help” program may
serve as diagnostic markers or therapeutic targets in vaccination or other approaches that
aim to influence the CTL response in cancer, auto-immunity or infectious disease. To fulfill
their purpose as CTLs, CD8+ T cells must “succeed” at every step on their path: They must
encounter antigen on activated DCs, clonally expand and differentiate into CTLs. The CTLs
must go into circulation, extravasate at inflammatory sites and penetrate into the target
tissue. They must recognize their target cells and kill them, therein overcoming potential
resistance. In cancer, CD8+ T cells encounter many hurdles on this path16. Our study reveals
that CD4+ T-cell help during priming gives CTLs the intrinsic capacities to overcome
these hurdles.
The central model explored in this study has been therapeutic anti-cancer vaccination.
However, we also demonstrated that the primary CTL response to virus infection, previously
classified as ‘helper-independent’ is qualitatively improved by CD4+ T-cell help that instills
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Figure 7. Delivery of CD4+ T cell help requires CD27 on CD8+ T cells and CD70 on DCs. (A) CD45.2+
WT or Cd27-/- OT-I T cells were adoptively transferred (AT) into CD45.1 recipient mice that one day later
received “Help” or “No Help” vaccine. (B) Fold expansion of OVA-specific CD8+ T cells from day 6-10 after
vaccination, as diagnosed in blood. (C,D) Expression of indicated molecules on WT and Cd27-/- OT-I T
cells as compared to the recipient’s OVA-specific CD8+ T cells in blood at day 10 after vaccination. Data
represent a ratio of MFI values determined by flow cytometry. (E) WT CD45.1+ mice received Flt3Lgenerated bone marrow-derived DCs from WT or Cd70-/- mice that had been stimulated with CD40agonist mAb and loaded with OVA peptide. (F,G) Analysis of OT-I T cells in blood at day 6 after AT. (F)
Frequencies in the indicated settings. (G) Expression of indicated molecules, represented as relative MFI
values determined by flow cytometry. (H-J) WT CD45.1+ OT-I T cells were transferred into CD45.2+ WT or
Cd27-/- recipient mice that 1 day later received “Help” or “No Help” vaccine. OT-I T cells from blood were
analyzed at day 10 after vaccination. (I) Frequencies in the indicated settings. (J) Expression of indicated
molecules, represented as relative MFI values determined by flow cytometry. Data in A-J are from one
experiment representative of two experiments with n=4. Error bars indicate SD, *P < 0.05, **P <0.005
and ***P < 0.001 (unpaired two-tailed Student’s t test). See also Figure S7.

diverse functional properties into CTLs in the same way as in weakly adjuvanted vaccination.
In the vaccination model, there are no PRR signals. The vaccine protein is expressed by
transfection of DNA into keratinocytes. The cells may experience “danger” as a result of
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cytoplasmic DNA delivery and may report this in the form of inflammatory cytokines to DCs
in the dLN. In the virus infection model, we saw many similar changes in gene expression,
but also differences that are expected to reflect a response to the overt inflammatory signals
coming from infected cells and innate immune cells in this setting.
The transcriptomes obtained primarily related to CTL effector differentiation, rather
than clonal expansion, since we analyzed the cells at the peak of the primary response.
Upregulation of Granzymes, Perforin, IFNγ and death receptor ligands in the vaccination
and/or virus infection setting testified to improved CTL effector differentiation. Further
study in the vaccination setting demonstrated that CD4+ T-cell help increased SLEC- as well
as MPEC formation. In both settings, we found an upregulation of the IL-7 receptor (CD127),
in line with MPEC formation. We also observed upregulation of IL-2 and the IL-2 receptor
(CD25) in the vaccination setting. This agrees with CD4+ T-cell help instigating autocrine
IL-2 signaling that promotes both SLEC and MPEC differentiation (19,20). IL-2 signaling also
promotes CTL survival in non-lymphoid tissues (D’Souza et al., 2002; Mitchell et al., 2010).
In both vaccination- and virus infection settings, CTLs primed in the absence of CD4+
T-cell help expressed multiple coinhibitory receptors, including PD1, BTLA and LAG3
that are key targets in cancer immunotherapy (Chen and Mellman, 2013). CTLs raised in
absence of CD4+ T-cell help proved less effective “killers” for this reason. Tumor-specific
CD8+ T cells present in the blood of melanoma patients are primarily PD-1+ (23). We
propose that circulating PD-1+CD8+ T cells in cancer patients reports priming in absence of
CD4+ T-cell help. “Dysfunction” of tumor-specific T cells is reportedly initiated early during
tumorigenesis (24) and the phenotype of “dysfunctional” CD8+ T cells closely resembles
the phenotype of “helpless” CTLs that we report here. As tumors may not offer MHC Class II
binding peptides or other signals for DC activation and CD70 expression, CD8+ T cells that
respond to tumor antigens are likely to have the “helpless” phenotype.
Many molecules regulated in CTLs by CD4+ T-cell help related to cell migration,
including CX3CR1 and CXCR4 that promoted the ability of CTLs to enter into tumors. Upon
CX3CR1 and CXCR4 blockade the “helped” CTLs retained their tumor invasive capacity
(Figure S5), penetrating deeply into the tumors, but in significantly reduced numbers.
CX3CL1 (Fractalkine) and the CXCR4 ligand CXCL12 (SDF) are expressed in a great variety
of human cancers (v15.proteinatlas.org) and are known CTL chemoattractants that
promote anti-tumor immunity (14,15,25). Thus CD4+ T-cell help during priming promoted
the ability of CTLs to reach the tumor site by CX3CR1 and CXCR4 upregulation. CD4+ T-cell
help delivered in the target organ in the form of IFNγ can also optimize CTL infiltration by
CTLs (26). However, in our vaccination model with tumor-unrelated “helper” epitopes, no
tumor-specific CD4+ T cells are generated, so intra-tumoral “help” is lacking.
In multiple cancer types, CD8+ T cells were found to be excluded from the vicinity of
tumor cells, which correlates to a poor clinical outcome (27) and a negative response to
anti-PD1 treatment (28). T-cell exclusion has been attributed to impeded T-cell extravasation
(Chen and Mellman, 2013) but collagen-rich structures can also limit T-cell penetration
into the tumor (29). T cells can produce MMPs (30) that are required for T-cell movement
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through collagen-rich structures (31). Our results show that CD4+ T-cell help endows CTLs
with tumor-invasive capacity in the form of MMP activity, thus overcoming a key barrier in
tumor control (Chen and Mellman, 2013).
Our results show unambiguously that CD27 on CD8+ T cells and CD70 on DCs relay
many effects of CD4+ T-cell help. Cytokines made by DCs also play a role in CD4+ T-cell help
for the CTL response, as recently demonstrated for IL-15 (11) and earlier for IL-12 (32). In
our datasets, not all molecules regulated by CD4+ T-cell help were regulated by CD27,
leaving room for an independent contribution by cytokine signaling. Furthermore, CD27
costimulation may exert certain “Help” effects indirectly via cytokine receptor signaling. For
example, the IL-12 receptor β chain was upregulated both in “helped” and CD27-stimulated
CD8+ T cells, suggesting that it enabled delivery of IL-12-mediated “help” signals. CD27
costimulation also upregulates IL-12 receptor β chain on primed T cells in human, suggesting
that this is a conserved feature (33). The second step in T-cell priming serves the CD8+ T-cell,
but also the CD4+ T-cell, since optimal Th1-type CD4+ T-cell effector differentiation depends
on both CXCR3/CXCL10 and CD27/CD70 interactions (34,35). We found here that CD27
on CD4+ T cells does not play a major role in relaying the “help” signal for the primary CTL
response. Our findings argue in favor of CD27-agonism to optimize anti-tumor immunity. In
those cases where CD4+ T-cell help is deficient, such an intervention is expected to promote
the generation of an optimal CTL response, both in terms of quantity and quality.
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SUPPLEMENTAL DATA
STAR METHODS
CONTACT FOR REAGENT AND RESOURCE SHARING

4

Further information and requests for resources and reagents should be directed to and will
be fulfilled by the Lead Contact, Jannie Borst (j.borst@nki.nl)

EXPERIMENTAL MODEL AND SUBJECT DETAILS
All animal experiments were performed in animal housing facilities at The Netherlands Cancer
Institute. Female, 7-9 weeks old mice were used in accordance with national guidelines and
as approved by the Experimental Animal Committee (DEC) and maintained in disposable
individually ventilated cages (Innovive) in a specific pathogen-free facility.

METHODS DETAILS
Mice
C57BL/6JRj mice were purchased from Janvier Laboratories (Le Genest Saint Isle, France).
CD27-/-, OT-I, OT-I; CD27-/-, CD70-/-, CD45.1, CD45.1;OT-I mice on a C57BL/6 background were
bred in-house.

Vaccination
Generation and validation of the HELP-E7SH and E7SH DNA vaccines and the amino acid
sequences encoded by them have been described (10). OVA DNA vaccines were generated
by the C-terminal addition of the OVA257-264 coding sequence to the HELP-E7SH and E7SH
DNA constructs. For intra-epidermal DNA “tattoo” vaccination, the hair on a hind leg was
removed using depilating cream (Veet, Reckitt Benckiser) on day -1. On days 0, 3, and 6, mice
were anesthetized and 15 μl of a 2 mg/ml DNA solution in 10 mM Tris-HCl, 1 mM EDTA, pH 8.0
was applied to the hairless skin with a Permanent Make Up tattoo machine (MT Derm GmbH,
Berlin, Germany), using a sterile disposable 9-needle bar with a needle depth of 1 mm and
oscillating at a frequency of 100 Hz for 45 sec.

Tissue preparation and flow cytometry
Peripheral blood cells were obtained by tail bleeding; spleen, inguinal lymph nodes and
tumors were passed through a 70 μm cell strainer (BD Falcon). After erythrocyte lysis,
cell suspensions were washed and stained with relevant mAbs and phycoerythrin (PE)conjugated H-2Db/E749-57 or H-2DbOVA257-264 tetramers. For intracellular staining of GZMB,
IFNγ, TNF and CXCL12, cells were fixed and permeabilized with the BD Cytofix/Cytoperm
kit (BD Biosciences) and for intracellular staining of transcription factors cells were fixed
and permeabilized with the Foxp3/transcription factor staining buffer set (eBioscience).
Flow cytometry was performed using the LSRFortessa (BD Biosciences) and data were
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analyzed with FlowJo software (Tree Star Inc., Ashland OR). Live cells were selected based
on propidium iodide- or near-infra red dye (Life Techologies) exclusion. Antibody details are
listed in the Key Resources Table.

KEY RESOURCES TABLE
REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies
BTLA (clone: 6A6)
BTLA (clone: 6F7)
CD127 (clone: A7R34)
CD200 (clone: OX90)
CD200R (clone: OX-110)
CD25 (clone: 7D4)
CD27 (clone: RM27-3E5)
CD31 (clone: ab28364)
CD4 (clone: GK1.5)
CD40 (clone: FGK45)
CD44 (clone: IM7)
CD45.2 (clone: 104)
CD62L (clone: MEL-14)
CD69 (clone: H1.2F3)
CD70 (clone: FR70)
CD8 (clone: 2.43)
CD8 (clone: 53-6.7)
CD8 (clone: RSM15)
CD86 (clone: GL1)
CX3CL1 (clone: 126315)
CX3CR1 (clone: SA011F11)
CXCL12 (clone: 79018)
CXCR4 (clone: 2B11)
EOMES (clone: Dan11mag)
FASL (clone: MFL3)
GZMB (clone: CLB-GB11)
ID3 (clone: 530-778)
IFNγ (clone: XMG1.2)
IgG2a isotype control (clone: 2A3)
IgG2b isotype control (clone: LTF-2)
IRF4 (clone: 3E4)
KLRG1 (clone: 2F1)
LAG3 (clone: C9B7W)
LAG3 (clone: eBioC9B7W)
PD-1 (clone: J43)
PD1 (clone: RMP1-14)
T-BET (clone: eBio4B10)

Bio X Cell
eBioscience
eBioscience
eBioscience
BioLegend
BD Pharmigen
Laboratory of Hideo Yagita
Abcam
Bio X Cell
homemade
eBioscience
BioLegend
BD Pharmigen
eBioscience
homemade
Bio X Cell
eBioscience
eBioscience
BD Pharmigen
R&D Systems
BioLegend
R&D Systems
eBioscience
eBioscience
BD Pharmigen
Enzo Life Sciences
BD Pharmigen
BD Pharmigen
Bio X Cell
Bio X Cell
eBioscience
BioLegend
Bio X Cell
eBioscience
eBioscience
Bio X Cell
eBioscience

BE0132
46-5950-80
17-1271-82
123809
123909
553072
Sakanishi et al., 2010
ab28364
BE0003-1
N/A
25-0441-82
56-0621-82
56-0621-82
45-0691-80
Oshima et al., 1998
BE0061
48-0081-82
14-0808
558703
FAB571A-025
149019
IC350F
49-9991-80
53-4875-80
17-5911-80
M2289
550992
562018
BE0089
BE0090
46-9858-80
138416
BE0174
48-2231-80
11-9985-85
BE0146
25-5825-80

4
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KEY RESOURCES TABLE. (continued)

4

REAGENT or RESOURCE

SOURCE

IDENTIFIER

TCF7 (clone: 533-966)
TNF (clone: TN3-19.12)
Vimentin (clone: D21H3)

BD Pharmigen
BD Pharmigen
Cell Signaling

564217
559503
5741

Chemicals, Peptides, and Recombinant Proteins
CXCR4 inhibitor (AMD3100)
Sigma
CX3CR1 inhibitor (18a)
Axon Medchem
Pan-MMP inhibitor (GM6100)
Abcam
Recombinant mouse CXCL12
BioLegend
Recombinant mouse CX3CL1
BioLegend
CellTrace Violet
Thermo Fisher Scientific
CellTrace CFSE
Thermo Fisher Scientific
Recombinant mouse Flt3L
homemade
Recombinant mouse M-CSF
R&D Systems
Near-IR Dead cell stain kit
Life Technologies
H-2Db/E749-57 tetramers
homemade
b
H-2K /OVA257-264 tetramers
homemade
H-2Db/GP33-41 tetramers
homemade
H-2Db/NP396-404 tetramers
homemade
Virus Strains
Lymphocytic Coriomeningitis
Virus (Armstrong)
Critical Commercial Assays
TruSeq Stranded mRNA sample prep kit
BD Cytofix/Cytoperm kit
Foxp3/transcriptin factor staining buffer set
CD8a+ T Cell Isolation Kit
Deposited Data
Raw and analyzed data
Experimental Models: Cell Lines
M. Musculus: sEND.1 cell line
M. Musculus: TC-1 cell line

Experimental Models: Organisms/Strains
Mouse: C57BL/6JRj
Mouse: C57BL/6-CD45.1
Mouse: C57BL/6-OT-I
Mouse: C57BL/6-CD27-/Mouse: C57BL/6-CD70-/Mouse: C57BL/6-OT-I;CD27-/-
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A5602
2255
ab120845
578704
583504
C34571
C34570
This paper
416-ML
L10119
Ahrends et al., 2016
This paper
This paper
This paper

Laboratory of K.P. van
Gisbergen (Sanquin)

N/A

Illumina
BD Biosciences
eBioscience
Miltenyi Biotec

RS-122-2101
555028
00-5523-00
130-104-075

This paper

GEO: GSE89665

Laboratory of Christian Blank
(NKI)
Laboratory of Ramon Arens
(LUMC)

N/A

Janvier Laboratories
Bred in-house
Bred in-house
Bred in-house
Bred in-house
Bred in-house

C57BL/6JRj
C57BL/6-CD45.1
C57BL/6-OT-I
C57BL/6-CD27-/C57BL/6-CD70-/C57BL/6-OT-I;CD27-/-

Lin et al., 1996
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KEY RESOURCES TABLE. (continued)
REAGENT or RESOURCE

SOURCE

IDENTIFIER

Mouse: C57BL/6-CD45.1;OT-I

Bred in-house

C57BL/6-CD45.1;OT-I

Recombinant DNA
Help-E7SH DNA vaccine

homemade

E7SH DNA vaccine

homemade

OVASH DNA vaccine
Help-OVASH DNA vaccine

homemade
homemade

Oosterhuis et al., 2012;
Ahrends et al., 2016
Oosterhuis et al., 2012;
Ahrends et al., 2016
this paper
this paper

Software and Algorithms
edgeR

N/A

IPA

Qiagen

Cytoscape
ROAST
Bingo

N/A
N/A
N/A

ImageJ

http://imagej.net/ImageJ

4

https://bioconductor.
org/packages/release/
bioc/html/edgeR.html
http://www.
qiagenbioinformatics.
com/products/ingenuitypathway-analysis/
http://www.cytoscape.org
Wu et al., 2010
http://apps.cytoscape.
org/apps/bingo
http://imagej.net/ImageJ

Isolation of H-2Db/E749-57-specific CD8+ T cells
At day 10 post-vaccination, mice were sacrificed, spleens were isolated and passed through
70 μm cell strainer (BD Falcon). After erythrocyte lysis, cell suspensions were washed, stained
with anti-CD8a mAb (53-6.7, eBioscience) and PE-conjugated H-2Db/E749-57 tetramers and
sorted on a BD FACSAria II or BD FACSAria Fusion cell sorter. Live cells were selected based on
propidium iodide exclusion. All samples were maintained at 4oC for the duration of the sort,
and purity was 95%-98% for all samples. Isolated cells were subsequently incubated for
16 h with 10 μg/ml of CD27-agonist mAb or used for transcriptomics or other in vitro or
in vivo assays.

LCMV infection
Mice were infected with 1 x 105 plaque-forming units (PFU) of LCMV Armstrong i.p. At day
8 after after virus inoculation, splenocytes were harvested and stained with anti-CD8a mAb
(53-6.7, eBioscience), PE-conjugated H-2Db/NP396-404 and APC-conjugated H-2Db/GP33-41
tetramers and sorted separately on a BD FACSAria Fusion cell sorter.
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In vitro cytotoxicity assay

4

To create target cells, splenocytes from naïve mice were labeled with 0.1 μM CellTrace Violet
(Thermo Fisher Scientific) and pulsed with 5 μM E749-57 peptide (specific target), or labeled
with 1 μM CFSE (Thermo Fisher Scientific) and left unpulsed (control target). Subsequently,
5000 ex vivo isolated H-2Db/E749-57-specific CD8+ T cells were mixed with equal numbers of
the two target cell populations in the indicated ratios and incubated at 37oC, 5% CO2 for 12 h
in the presence or absence of 10 μg/ml of blocking mAbs to PD-1 (RMP1-14), LAG-3 (C97W),
BTLA (6A6), CD200R (OX-110) or agonist CD27 mAb (RM27-3E5) (Bio X Cell (West Lebanon
NH), or BioLegend (San Diego CA)). Cells were then analyzed by flow cytometry. Percent
killing was calculated as follows:
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In vitro migration and invasion assays
Ex vivo isolated “helped” or “non-helped” H-2Db/E749-57-specific CD8+ T cells were plated at
equal numbers (range 7500-12500 cells) in triplicate in the upper wells of a 96 well HTS 3
μm polycarbonate transwell plate (Corning) in 50 ml Yssel’s serum-free medium (Gemini BioProducts). For transendothelial migration, sEND.1 endothelial cells were grown to confluence
in the upper wells. In case of invasion assays, the upper wells were coated with collagen IV
(7.5 μg/cm2, Sigma). Cells were seeded in the presence or absence of pan-MMP GM6001
inhibitor (10 μM, Abcam), CXCR4 inhibitor AMD3100 (5 μg/ml, Sigma) or CX3CR1 inhibitor
18a (5 μg/ml, Axon Medchem, Groningen, The Netherlands). The lower wells contained 150
μl of IMDM (Gibco, Life Technologies) with either FCS, CXCL12 (100 ng/ml) or CX3CL1 (100
ng/ml) (BioLegend). After 24 or 48 h, T cells that had transmigrated into the lower wells were
collected and counted by flow cytometry with the use of counting beads (Sphero AccuCount
Blank Particles, Spherotech Inc., Lake Forest IL).

Antibody and inhibitor treatments of mice
Blocking mAbs to CD70 (FR70) (36), PD-1 (RMP1-14), BTLA (6A6),, LAG3 (C97W) or agonistic
mAb to CD27 (RM27-3E5) (37) were injected i.p. at 100 μg per mouse in 100 μl HBSS on
each day of vaccination and in case of FR70 mAb also at day 9. Depleting CD8 (2.43) mAb
was injected i.p. at 200 μg per mouse in 100 μl HBSS 2 days before and on each day of
vaccination. In the LCMV-infection experiment, mice were injected i.v. with depleting CD4
mAb (GK1.5) at 200 μg per mouse 2 days before and 2 and 4 days after the infection. Control
mice were injected with equal amounts of rat IgG2b (LTF-2) or IgG2a (2A3) isotype controls
(Bio X Cell). Small-molecule inhibitor 18a (38) was injected i.p. at 50 μg per mouse and
AMD3100 (39) at 100 mg per mouse at days 1, 4 and 7 after the last vaccination. In adoptive
transfer experiments, 18a (50 μg), AMD3100 (100 μg) and GM6001 (200 μg) were injected i.p.
on the day of transfer and 24 h later.
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Tumor challenge
At day 0, mice were injected s.c with 2x105 TC-1 tumor cells that express HPV16 E6 and
E7 proteins (40). Vaccination was performed on days 5, 8 and 11 post-inoculation. Tumor
growth was measured by caliper in two dimensions. Tumor volume was calculated as:
volume = (width2 x length)/2. Mice were sacrificed when the tumor diameter reached 15 mm
or when the tumor volume exceeded 1000 mm3.

Adoptive T-cell transfer into tumor-bearing mice, IHC and image analysis

4

At day 0, recipient mice were injected s.c. with 2x105 TC-1 tumor cells. At day 10,
H-2Db/E749-57-specific CD8+ T cells isolated from donor mice were injected retro-orbitally
(1x105 cells/mouse). After 48 h, recipient mice were sacrificed and the tumors were
harvested. For IHC, tumors were fixed for 48 h in formalin, embedded in paraffin and randomly
sectioned at 4 µm. Fixed sections were rehydrated and incubated with primary antibodies.
Endogenous peroxidases were blocked with 3% H2O2 and stained with biotin-conjugated
secondary antibodies, followed by incubation with horse radish peroxidase-conjugated
streptavidin–biotin complex (DAKO). The assay was developed with diaminobenzidine
(DAKO). Primary antibodies were directed against CD8 (RSM15, eBioscience), CD31 (ab28364,
Abcam) or Vimentin (D21H3, Cell Signaling). Slides were scanned with an Aperio AT2 slide
scanner (Leica Biosystems) at 20x magnification. Images were analyzed with a custom-made
macro for Image J.

Adoptive transfer experiments
To generate DCs, bone marrow of WT or CD70-/- C57BL/6 mice was isolated from the femurs
and passed through a 70 μm cell strainer (BD Falcon). After erythrocyte lysis, cell suspensions
were washed and incubated for 8 days with 1:200 dilution of a Flt3L-containing producer cell
supernatant (homemade) and M-CSF (0.5 ng/ml, R&D Systems) in 10% FCS IMDM (Thermo
Fisher). At day 6 of the culture CD40-agonist mAb (FGK.45) was added (10 μg/ml). On the day
of the adoptive transfer, DCs were incubated for 5 h with OVA257-264 peptide (1 μg/ml). Naïve
CD8+ T cells with a transgenic Va2/Vb5 TCR specific for H-2Kb/OVA257-264 were purified to
93-95% homogeneity form spleens of OT-I, OT-I;CD27-/- or OT-1;CD45.1+ mice with CD8+ T-cell
Isolation Kit (Miltenyi Biotec) and injected i.v. into WT or CD27-/- C57BL/6 mice at 1.5x105 cells
per mouse. One day later, mice were injected i.v. with 2x106 DCs or received DNA vaccination.

RNA sequencing
Flow cytometrically purified H-2Db/E749-57-specific CD8+ T cells, isolated from 9
mice per experimental group and pooled at 3 mice/sample or H-2Db/GP33-41- and
H-2Db/NP396-404-specific CD8+ T cells isolated from 3 mice per experimental group, were
resuspended in Trizol (Ambion Life Technologies) and total RNA was extracted according
to the manufacturer’s protocol. Quality and quantity of the total RNA was assessed by
the 2100 Bioanalyzer using a Nano chip (Agilent). Only RNA samples having an RNA Integrity
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Number (RIN) > 8 were subjected to library generation. Strand-specific cDNA libraries were
generated using the TruSeq Stranded mRNA sample preparation kit (Illumina) according to
the manufacturer’s protocol. The libraries were analyzed for size and quantity of cDNAs on
a 2100 Bioanalyzer using a 7500 chip (Agilent), diluted and pooled at 10 nM in mulitiplex
sequencing pools. The libraries were sequenced as 50 base single reads in two lanes on
a HiSeq2000 with V3 chemistry (Illumina).

4

QUANTIFICATION AND STATISTICAL ANALYSIS
RNA-Seq Analysis
RNA-seq reads were aligned to the GRCm38_77 build of the Mus musculus genome using
Tophat (version 2.0.12). Only uniquely mapped reads were used for gene expression analysis.
Differential expression analysis was performed using edgeR in R (Bioconductor). Read
counts were normalized using edgeR and RPKM values were calculated. Differential mRNA
expression was considered significant at FDR < 0.01. MDS and MA plots were generated
using edgeR. GSEA was carried out using ROAST. Enrichment maps were generated using
the BiNGO plugin in Cytoscape with P- and Q-value cut-off of 0.001. Hierarchical clustering
was performed using Qlucore. Functional classification of the genes was performed using
IPA software (Qiagen).

Statistical Analysis
Data was analyzed with GraphPad Prism software using unpaired two-tailed Student’s
t, Log-rank, edgeR, ROAST or One-way ANOVA test. Error bars in figures indicate SD.
A P value < 0.05 was considered statistically significant; *P < 0.05, **P <0.005, ***P < 0.001
and ****P < 0.0001.

DATA AND SOFTWARE AVAILABILITY
The RNA-seq data reported in this paper are available under accession number
GEO GSE89665.

Figure S1. Related to Figure 1. Vaccine design and transcriptome analysis. (A) Vaccine design: both
“Help” and “No Help” vaccines encode a “gene-shuffled” version of HPV-16 E7 (E7SH). The “Help” vaccine
additionally encodes MHC Class II-binding peptides derived from human tetanus toxoid p30, PADRE
and HIV NEF. (B) Mice (n=5) received “Help” or “No Help” vaccine on days 0, 3 and 6. The CD8+ T-cell
response was followed in time by flow cytometric analysis of peripheral blood with H- 2Db/E749-57
tetramers and anti-CD8 mAb and is depicted as percentage of tetramer+ cells among total CD8+ T cells.
(C) Percentage of Granzyme B+ CD8+ T cells in indicated organs at day 10 after vaccination (n=5). (D) E7specific CD8+ T cells, isolated at day 10 by flow cytometric sorting from spleen, were tested in vitro for
their ability to specifically kill splenocytes loaded with E749-57-peptide. (E,H) Multidimensional scaling
(MSD) plots depicting relationships between individual samples from RNAseq dataset in vaccination (E)
and virus infection (H) model. (F,I) Pie charts depicting cellular localization (left) and functions (right)
annotated by IPA of genes differentially expressed between “Help” and “No Help” groups in vaccination
(F) and virus infection (H) models. (G) Representative flow cytometry plots depicting CD4, CD8 and
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4

GP33-41 and NP396-404 tetramer staining of peripheral blood cells isolated from mice 8 days after
infection with LCMV-Arm- strong and treatment with depleting anti- CD4 mAb (“No Help”) or isotype
control mAb (“Help”). (J) Transcripts differentially expressed in the “Help” versus “No Help” vaccination
setting were analyzed for quantitative representation in the virus infection setting. The figure shows
the resulting hierarchical clustering of all indicated samples. (K) Enrichment map (BiNGO) classifying
genes differentially expressed between “Help” and “No Help” groups from the virus infection setting
into functional categories. Data in E-F and H-I is derived from RNAseq data set described in Figure 1.
Data in B-D are from one experiment representative of three experiments with (n=5). Error bars indicate
SD, ***P < 0.001 and **P <0.005 (unpaired two-tailed Student’s t test).

logFC
5

-5

Figure S2. Related to Figure 2. Molecules differentially expressed in virus-specific CD8+ T cells from
mice that were (“No Help”) or were not (“Help”) depleted for CD4+ T cells, as assigned by IPA to
the indicated functional categories (see also Table S2). Data are derived from the transcriptome dataset
described in Figure 1.
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Figure S3. Related to Figure 3. (A) Frequencies of cells positive or negative for indicated molecules
on E7-specific CD8+ T cells isolated from spleen at day 10 in the “Help” versus “No Help” vaccination
setting, as determined by flow cytometry. (B) mRNA expression in RPKM of the indicated genes in
virus-specific CD8+ T cells in the “Help” versus “No Help” LCMV infection setting. Data are derived from
the transcriptome dataset described in Figure 1.
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4

logFC
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Figure S4. Related to Figure 4. Molecules differentially expressed in virus-specific CD8+ T cells in
the “Help” versus “No Help” LCMV infection setting as assigned by IPA to the ‘leukocyte migration’
category (see also Table S3). Data are derived from the transcriptome dataset described in Figure 1.
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Figure S5. Related to Figure 5. CD45.2 donor mice were treated with “Help” or “No Help” vaccine and
E7-specific CD8+ T cells were flow cytometrically isolated from spleens of at day 10. These cells were
adoptively transferred in equal numbers to CD45.1 recipient mice that had been implanted s.c. with
TC- 1 tumor cells and that were treated with AMD3100 or 18a on the day of T-cell transfer and 24 h later.
Representative IHC staining of CD8+ cells in the tumors as analyzed 48 h after T-cell transfer.
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Figure S6. Related to Figure 6. Mice received “Help” vaccine or “No Help” vaccine either alone or
with agonist αCD27 mAb. (A) MA plot depicting results of comparative transcriptome analysis of
E7-specific CD8+ T cells flow cytometrically isolated at day 10 from spleen, as described in Figure 1.
Genes identified as significantly differentially expressed in “Help” versus “No Help” setting are likewise
identified by the red and blue dots in this “No Help + αCD27” versus “No Help” comparison plot. (B) Pie
charts depicting cellular localization (left) and functions (right) annotated by IPA of genes differentially
expressed between “No Help+αCD27” and “No Help” groups. (C,D) Enrichment analysis of “No
Help + α CD27” (C) and “Help + αCD70” (D) signature genes in the “Help” and “No help” gene expression
signatures of the virus infection setting. Graphs show enrichment scores (ES) for upregulated (red) or
downregulated (blue) genes.
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Figure S7. Related to Figure 7. (A,B) Primary data belonging to the experiment outlined in Figure 7A- D.
(A) Representative flow cytometry plots of OVA257-264 tetramer staining in CD8+ T cells from blood
at day 6 and 10 after vaccination. (B) Representative flow cytometric analysis of indicated molecules
in OVA-specific CD8+ T cells from the group that received Cd27-/- OT-I CD8+ T cells, as diagnosed in
blood at day 10 after “Help” vaccination. Numbers in plots indicate MFI. (C,D) Primary data belonging
to the experiment outlined in Figure 7E-G. (C) Flow cytometric analysis of CD70 and CD86 expression
on CD11c+ MHC Class II+ cells (DCs) on the day of adoptive transfer. (D) Representative flow cytometry
plots of H-2Kb/OVA tetramer staining in CD8+ T cells from blood at day 6 after adoptive transfer. (E)
Primary data belonging to the experiment outlined in Figure 7H-J. (E) Representative flow cytometry
plots of OVA257-264 tetramer staining in CD8+ T cells from blood at day 10 after vaccination. Numbers
in the plots in panels A,C,E indicate frequencies of indicated populations. Data are from one experiment
representative of two experiments with n=4.
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Table S1. Related to Figures 1 and 6. List of all functional categories and numbers of genes annotated
to them by BiNGO analysis in the “Help” versus “No Help” (Fig. 1D) and “No Help” versus “No Help +
anti-CD27” vaccination (Fig. 6B) settings and the “Help” versus “No Help” virus infection setting (Fig. 1I).

4

98

Categories

p-Value

# Molecules

CELL MOTILITY AND MIGRATION
cell movement
leukocyte migration
migration of cells
cell movement of leukocytes
cell movement of phagocytes
recruitment of cells
homing of cells
homing
chemotaxis of cells
chemotaxis
cell movement of myeloid cells
recruitment of blood cells
recruitment of leukocytes
homing of leukocytes
chemotaxis of leukocytes
infiltration
cell movement of mononuclear leukocytes
cell movement of granulocytes
infiltration of cells
cell movement of antigen presenting cells
chemotaxis of myeloid cells
migration of phagocytes
infiltration of leukocytes
migration of mononuclear leukocytes
chemotaxis of phagocytes
cell movement of neutrophils
cell movement of lymphocytes
cell movement of tumor cell lines
recruitment of phagocytes
recruitment of myeloid cells
Lymphocyte migration
invasion of cells
migration of antigen presenting cells
cell movement of macrophages
chemotaxis of granulocytes
cell movement of endothelial cells
homing of mononuclear leukocytes
recruitment of granulocytes
migration of tumor cell lines
movement of vascular endothelial cells

7.25E-52
4.76E-51
1.16E-47
1.17E-41
1.33E-32
3.95E-30
7.97E-30
4.08E-29
3.43E-28
5.96E-28
1.45E-27
2.08E-27
2.93E-27
2.65E-24
1.58E-22
2.96E-22
1.50E-21
3.04E-20
4.36E-20
7.36E-19
4.73E-18
5.31E-18
1.06E-17
1.21E-17
4.03E-17
5.56E-16
6.42E-16
6.93E-16
2.21E-15
3.77E-15
1.63E-14
3.86E-14
1.37E-13
4.28E-13
1.54E-12
4.25E-12
7.94E-12
7.94E-12
5.75E-11
8.76E-11

358
343
197
310
167
122
90
119
120
112
114
112
82
81
85
79
90
92
77
82
72
63
60
75
73
62
60
73
123
52
49
64
120
39
51
41
60
42
42
94
36
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Table S1. (continued)
Categories

p-Value

# Molecules

migration of endothelial cells
T cell migration
infiltration of granulocytes
cell movement of T lymphocytes
migration of vascular endothelial cells
infiltration by neutrophils
chemotaxis of neutrophils
chemotaxis of antigen presenting cells
chemotaxis of mononuclear leukocytes
migration of tumor cells
cell movement of tumor cells
cell rolling of blood cells
LYMPHOCYTE ACTIVATION
quantity of leukocytes
quantity of blood cells
activation of leukocytes
activation of blood cells
quantity of mononuclear leukocytes
quantity of lymphocytes
proliferation of immune cells
proliferation of mononuclear leukocytes
proliferation of lymphocytes
differentiation of blood cells
differentiation of leukocytes
differentiation of mononuclear leukocytes
activation of mononuclear leukocytes
development of blood cells
function of lymphocytes
development of leukocytes
development of mononuclear leukocytes
activation of lymphocytes
development of lymphocytes
proliferation of T lymphocytes
cell movement of granulocytes
quantity of T lymphocytes
differentiation of lymphocytes
T cell homeostasis
T cell development
quantity of myeloid cells
quantity of granulocytes
proliferation of leukocyte cell lines
function of T lymphocytes
accumulation of blood cells

1.12E-10
1.57E-10
2.96E-10
3.40E-10
3.81E-10
7.58E-10
7.91E-10
8.27E-10
9.24E-10
1.18E-09
3.47E-09
3.71E-09

54
45
39
41
33
32
33
31
35
40
34
20
251
199
210
160
166
167
157
152
108
77
99
94
42
72
63
60
39
92
75
90
73
70
62
34
26
45
43
22
37
39
28

0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0

4

99

CD4 + T CELL HELP FOR PRIMARY CTL RESPONSE
Table S1. (continued)

4

100

Categories

p-Value

# Molecules

accumulation of leukocytes
quantity of hematopoietic progenitor cells
binding of leukocytes
activation of granulocytes
expansion of leukocytes
response of lymphocytes
activation of T lymphocytes
function of helper T lymphocytes
formation of hematopoietic progenitor cells
proliferation of hematopoietic cells
differentiation of T lymphocytes
development of hematopoietic system
formation of lymphocytes
accumulation of phagocytes
expansion of mononuclear leukocytes
ION HOMEOSTASIS
homeostatic process
chemical homeostasis
ion homeostasis
cellular homeostasis
cellular ion homeostasis
cellular chemical homeostasis
di-, tri-valent inorganic cation homeostasis
cellular di-, tri-valent inorganic cation homeostasis
cation homeostasis
cellular cation homeostasis
cellular calcium ion homeostasis
metal ion homeostasis
calcium ion homeostasis
CELLULAR ORGANIZATION
anatomical structure morphogenesis
tissue development
blood vessel morphogenesis
vasculature development
blood vessel development
angiogenesis
organ morphogenesis
epithelium development
anatomical structure formation involved in morphogenesis
embryonic organ development
embryonic development
tube development
morphogenesis of an epithelium

0,0
0,0
0,0
0,0
0,0
0,0
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000
0,000

44
41
19
26
21
32
33
31
35
58
29
22
43
27
29
71
63
49
42
44
39
39
26
24
27
24
20
21
20
211
107
71
36
40
39
27
59
40
43
31
56
36
29

2,65E-13
9,96E-13
7,94E-12
2,85E-11
3,47E-11
6,31E-11
1,19E-8
6,65E-8
8,14E-8
4,22E-7
4,93E-7
7,14E-7
7,27E-7
2,14E-21
7,00E-17
1,54E-15
3,47E-15
4,59E-15
4,06E-13
1,61E-12
1,81E-12
1,03E-11
3,44E-10
6,86E-10
8,78E-10
1,45E-9
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Table S1. (continued)
Categories

p-Value

# Molecules

tissue morphogenesis
tube morphogenesis
morphogenesis of a branching structure
skeletal system development
embryonic morphogenesis
morphogenesis of a branching epithelium
chordate embryonic development
embryonic development ending in birth or egg hatching
REGULATION OF CELL SIGNALING
regulation of molecular function
regulation of catalytic activity
regulation of cell communication
regulation of signaling pathway
regulation of signaling process
positive regulation of molecular function
regulation of signal transduction
regulation of phosphorylation
positive regulation of catalytic activity
regulation of phosphorus metabolic process
regulation of phosphate metabolic process
regulation of transferase activity
regulation of kinase activity
regulation of protein kinase activity
negative regulation of molecular function
positive regulation of cell communication
positive regulation of transferase activity
negative regulation of cell communication
positive regulation of signaling pathway
positive regulation of kinase activity
regulation of protein amino acid phosphorylation
positive regulation of protein kinase activity
regulation of protein modification process
negative regulation of catalytic activity
REGULATION OF CELLULAR PROCESS
biological regulation
cellular process
regulation of biological process
regulation of cellular process
positive regulation of biological process
signaling
developmental process
regulation of multicellular organismal process
multicellular organismal development

2,37E-9
7,34E-9
2,42E-8
3,63E-8
1,86E-7
1,96E-7
2,98E-7
3,91E-7

33
28
20
31
34
17
37
37
221
100
86
89
71
59
49
58
46
42
46
46
33
31
29
25
29
22
27
25
21
22
20
24
20
852
499
567
475
437
192
290
232
132
220

5,75E-28
2,92E-24
4,29E-21
4,27E-18
3,12E-16
3,32E-16
7,25E-16
1,46E-14
1,93E-14
6,28E-14
6,28E-14
2,22E-12
2,14E-11
1,60E-10
6,88E-9
1,11E-8
2,38E-8
3,50E-8
3,74E-8
6,49E-8
7,02E-8
1,13E-7
2,34E-7
2,98E-7
5,85E-79
6,20E-78
2,22E-75
1,48E-62
1,30E-47
7,28E-46
3,05E-40
5,18E-40
3,80E-39
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Categories

p-Value

# Molecules

system development
anatomical structure development
organ development
negative regulation of biological process
positive regulation of cellular process
metabolic process
signaling pathway
primary metabolic process
cell differentiation
cellular developmental process
negative regulation of cellular process
multicellular organismal process
regulation of developmental process
signal transmission
signaling process
regulation of metabolic process
cellular metabolic process
regulation of cellular metabolic process
signal transduction
intracellular signaling pathway
regulation of cell proliferation
regulation of macromolecule metabolic process
macromolecule metabolic process
regulation of primary metabolic process
intracellular signal transduction
cell surface receptor linked signaling pathway
regulation of nitrogen compound metabolic process
regulation of nucleobase, nucleoside, nucleotide and nucleic acid
metabolic process
regulation of biosynthetic process
regulation of cellular biosynthetic process
regulation of gene expression
cellular biosynthetic process
cellular macromolecule metabolic process
biosynthetic process
regulation of macromolecule biosynthetic process
positive regulation of metabolic process
regulation of transcription, dna-dependent
regulation of transcription
positive regulation of macromolecule metabolic process
regulation of rna metabolic process
positive regulation of cellular metabolic process
regulation of transcription from rna polymerase ii promoter

6,97E-39
8,99E-39
2,06E-34
9,34E-34
2,33E-33
2,91E-32
2,38E-30
4,45E-28
4,80E-28
2,09E-27
5,97E-27
7,04E-27
1,97E-26
1,08E-25
1,12E-25
2,22E-25
1,54E-24
4,91E-22
9,85E-21
2,97E-20
1,95E-19
5,71E-18
5,73E-18
8,08E-18
1,05E-16
3,91E-16
2,75E-15
1,14E-14

193
204
159
155
155
371
227
324
148
149
132
278
92
212
212
203
305
186
189
88
73
165
245
169
65
161
145
142

7,33E-14
7,46E-14
1,35E-13
3,42E-13
3,85E-13
6,17E-13
1,38E-11
1,69E-11
4,48E-11
5,16E-11
6,09E-11
9,84E-11
8,64E-9
1,33E-8

143
142
139
158
208
161
130
71
84
120
65
84
61
52
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Table S1. (continued)
Categories

p-Value

# Molecules

transcription
positive regulation of gene expression
nitrogen compound metabolic process
regulation of protein metabolic process
REGULATION OF CELL DEATH
regulation of programmed cell death
cell death
regulation of cell death
negative regulation of programmed cell death
apoptosis

9,06E-8
1,55E-7
3,17E-7
7,75E-7

91
47
149
35
62
12
50
36
38
32

2,74E-19
8,75E-16
4,57E-13
1,34E-10
7,29E-8
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Table S2. Related to Figures 2 and S2. List of all differentially expressed genes, their subcellular localization,
function and functional category as annotated by IPA in the “Help” versus “No Help” (Fig. 2A) vaccination setting
and the “Help” versus “No Help” virus infection setting (Fig. S2).
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Symbol

Entrez Gene Name

activation of T lymphocytes
ANXA1
BHLHE40
BTLA
C3
CCL4
CCL5
CD244
CD27
CD74
CD80
CD86
CDKN1A
CEACAM1
CISH
CLEC7A
CRTAM
CSF2RB
DDX58
DUSP1
EGR2
EGR3
ERBB2
FASLG
FN1
FOS
GADD45A
GZMA
Gzmb
HSH2D
ICAM1
ICOSLG/LOC102723996
IFNγ
IL12RB2
IL1B
IL2
IL2RA
IL6R
IRF4
ITGAM
Klra7 (includes others)

annexin A1
basic helix-loop-helix family member e40
B and T lymphocyte associated
complement component 3
C-C motif chemokine ligand 4
C-C motif chemokine ligand 5
CD244 molecule
CD27 molecule
CD74 molecule
CD80 molecule
CD86 molecule
cyclin dependent kinase inhibitor 1A
carcinoembryonic antigen related cell adhesion molecule 1
cytokine inducible SH2 containing protein
C-type lectin domain family 7 member A
cytotoxic and regulatory T-cell molecule
colony stimulating factor 2 receptor beta common subunit
DEXD/H-box helicase 58
dual specificity phosphatase 1
early growth response 2
early growth response 3
erb-b2 receptor tyrosine kinase 2
Fas ligand
fibronectin 1
Fos proto-oncogene, AP-1 transcription factor subunit
growth arrest and DNA damage inducible alpha
granzyme A
granzyme B
hematopoietic SH2 domain containing
intercellular adhesion molecule 1
inducible T-cell costimulator ligand
interferon gamma
interleukin 12 receptor subunit beta 2
interleukin 1 beta
interleukin 2
interleukin 2 receptor subunit alpha
interleukin 6 receptor
interferon regulatory factor 4
integrin subunit alpha M
killer cell lectin-like receptor, subfamily A, member 4
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Ensembl

Exp Log Ratio

Location

Family

ENSMUSG00000024659
ENSMUSG00000030103
ENSMUSG00000052013
ENSMUSG00000024164
ENSMUSG00000018930
ENSMUSG00000035042
ENSMUSG00000004709
ENSMUSG00000030336
ENSMUSG00000024610
ENSMUSG00000075122
ENSMUSG00000022901
ENSMUSG00000023067
ENSMUSG00000074272
ENSMUSG00000032578
ENSMUSG00000079293
ENSMUSG00000032021
ENSMUSG00000071714
ENSMUSG00000040296
ENSMUSG00000024190
ENSMUSG00000037868
ENSMUSG00000033730
ENSMUSG00000062312
ENSMUSG00000000817
ENSMUSG00000026193
ENSMUSG00000021250
ENSMUSG00000036390
ENSMUSG00000023132
ENSMUSG00000015437
ENSMUSG00000062007
ENSMUSG00000037405
ENSMUSG00000000732
ENSMUSG00000055170
ENSMUSG00000018341
ENSMUSG00000027398
ENSMUSG00000027720
ENSMUSG00000026770
ENSMUSG00000027947
ENSMUSG00000021356
ENSMUSG00000030786
ENSMUSG00000067591

1,492
2,887
-1,26
0,939
2,427
1,113
0,712
-0,798
0,612
0,77
-0,825
3,555
1,076
0,838
1,133
-0,827
1,202
-0,669
4,434
3,339
2,065
2,4
1,238
1,73
4,645
1,889
2,008
0,831
-0,954
0,714
0,97
3,19
1,445
2,274
3,3
1,374
-1,349
1,063
1,351
2,365

Plasma Membrane
Nucleus
Plasma Membrane
Extracellular Space
Extracellular Space
Extracellular Space
Plasma Membrane
Plasma Membrane
Plasma Membrane
Plasma Membrane
Plasma Membrane
Nucleus
Plasma Membrane
Cytoplasm
Plasma Membrane
Plasma Membrane
Plasma Membrane
Cytoplasm
Nucleus
Nucleus
Nucleus
Plasma Membrane
Extracellular Space
Extracellular Space
Nucleus
Nucleus
Cytoplasm
Cytoplasm
Cytoplasm
Plasma Membrane
Plasma Membrane
Extracellular Space
Plasma Membrane
Extracellular Space
Extracellular Space
Plasma Membrane
Plasma Membrane
Nucleus
Plasma Membrane
Plasma Membrane

enzyme
transcription regulator
other
peptidase
cytokine
cytokine
transmembrane receptor
transmembrane receptor
transmembrane receptor
transmembrane receptor
transmembrane receptor
kinase
transporter
other
transmembrane receptor
other
transmembrane receptor
enzyme
phosphatase
transcription regulator
transcription regulator
kinase
cytokine
enzyme
transcription regulator
other
peptidase
peptidase
other
transmembrane receptor
other
cytokine
transmembrane receptor
cytokine
cytokine
transmembrane receptor
transmembrane receptor
transcription regulator
transmembrane receptor
transmembrane receptor
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Symbol

Entrez Gene Name

LAG3
MGST1
NFKBIA
NFKBID
PDCD1
PECAM1
PTGDR2
RHOB
SATB1
SERPINB9
STAT1
TNF
TNFSF11
TREML2
TYROBP
differentiation of helper T lymphocytes
ANXA1
C5AR1
CD69
CD80
CD86
CEBPB
CISH
EGR2
EOMES
GADD45B
GADD45G
ICAM1
ICOSLG/LOC102723996
ID3
IFNγ
IL12RB2
IL1B
IL2
IL2RA
IRF4
JUNB
KLF4
NR4A2
RORA
RSAD2
SLC3A2
STAT1

lymphocyte activating 3
microsomal glutathione S-transferase 1
NFKB inhibitor alpha
NFKB inhibitor delta
programmed cell death 1
platelet and endothelial cell adhesion molecule 1
prostaglandin D2 receptor 2
ras homolog family member B
SATB homeobox 1
serpin family B member 9
signal transducer and activator of transcription 1
tumor necrosis factor
tumor necrosis factor superfamily member 11
triggering receptor expressed on myeloid cells like 2
TYRO protein tyrosine kinase binding protein
annexin A1
complement component 5a receptor 1
CD69 molecule
CD80 molecule
CD86 molecule
CCAAT/enhancer binding protein beta
cytokine inducible SH2 containing protein
early growth response 2
eomesodermin
growth arrest and DNA damage inducible beta
growth arrest and DNA damage inducible gamma
intercellular adhesion molecule 1
inducible T-cell costimulator ligand
inhibitor of DNA binding 3, HLH protein
interferon gamma
interleukin 12 receptor subunit beta 2
interleukin 1 beta
interleukin 2
interleukin 2 receptor subunit alpha
interferon regulatory factor 4
JunB proto-oncogene, AP-1 transcription factor subunit
Kruppel like factor 4
nuclear receptor subfamily 4 group A member 2
RAR related orphan receptor A
radical S-adenosyl methionine domain containing 2
solute carrier family 3 member 2
signal transducer and activator of transcription 1
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Ensembl

Exp Log Ratio

Location

Family

ENSMUSG00000030124
ENSMUSG00000008540
ENSMUSG00000021025
ENSMUSG00000036931
ENSMUSG00000026285
ENSMUSG00000020717
ENSMUSG00000034117
ENSMUSG00000054364
ENSMUSG00000023927
ENSMUSG00000045827
ENSMUSG00000026104
ENSMUSG00000024401
ENSMUSG00000022015
ENSMUSG00000071068
ENSMUSG00000030579

-0,933
1,758
1,87
1,33
-1,455
-0,927
1,001
1,685
1,216
0,98
-0,649
1,284
-3,869
-1,284
0,831

Plasma Membrane
Cytoplasm
Cytoplasm
Nucleus
Plasma Membrane
Plasma Membrane
Plasma Membrane
Cytoplasm
Nucleus
Cytoplasm
Nucleus
Extracellular Space
Extracellular Space
Plasma Membrane
Plasma Membrane

transmembrane receptor
enzyme
transcription regulator
transcription regulator
phosphatase
other
G-protein coupled receptor
enzyme
transcription regulator
other
transcription regulator
cytokine
cytokine
other
transmembrane receptor

ENSMUSG00000024659
ENSMUSG00000049130
ENSMUSG00000030156
ENSMUSG00000075122
ENSMUSG00000022901
ENSMUSG00000056501
ENSMUSG00000032578
ENSMUSG00000037868
ENSMUSG00000032446
ENSMUSG00000015312
ENSMUSG00000021453
ENSMUSG00000037405
ENSMUSG00000000732
ENSMUSG00000007872
ENSMUSG00000055170
ENSMUSG00000018341
ENSMUSG00000027398
ENSMUSG00000027720
ENSMUSG00000026770
ENSMUSG00000021356
ENSMUSG00000052837
ENSMUSG00000003032
ENSMUSG00000026826
ENSMUSG00000032238
ENSMUSG00000020641
ENSMUSG00000010095
ENSMUSG00000026104

1,492
1,46
2,499
0,77
-0,825
2,287
0,838
3,339
-0,847
1,777
1,09
0,714
0,97
-2,054
3,19
1,445
2,274
3,3
1,374
1,063
2,311
3,334
5,77
0,676
-1,596
0,815
-0,649

Plasma Membrane
Plasma Membrane
Plasma Membrane
Plasma Membrane
Plasma Membrane
Nucleus
Cytoplasm
Nucleus
Nucleus
Cytoplasm
Nucleus
Plasma Membrane
Plasma Membrane
Nucleus
Extracellular Space
Plasma Membrane
Extracellular Space
Extracellular Space
Plasma Membrane
Nucleus
Nucleus
Nucleus
Nucleus
Nucleus
Cytoplasm
Plasma Membrane
Nucleus

enzyme
G-protein coupled receptor
transmembrane receptor
transmembrane receptor
transmembrane receptor
transcription regulator
other
transcription regulator
transcription regulator
other
other
transmembrane receptor
other
transcription regulator
cytokine
transmembrane receptor
cytokine
cytokine
transmembrane receptor
transcription regulator
transcription regulator
transcription regulator
ligand-dependent nuclear receptor
ligand-dependent nuclear receptor
enzyme
transporter
transcription regulator
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Symbol

Entrez Gene Name

TNF
TNFRSF8
TNFSF8
USP18
T cell response
C5AR1
CD200
CD200R1
CD80
CD86
CLEC7A
CSF2RB
HLA-DQB1
ICAM1
ICOSLG/LOC102723996
IFNγ
IGHM
IL12RB2
IL1B
IL2
IL7R
LAG3
NFIL3
NOTCH3
OASL
PDCD1
PLAUR
RET
TNF
TNFRSF25
TNFSF11
TNFSF8
cytotoxicity of cells
AR
CCL5
CCR3
CD244
CD27
CD300A
CD69
CD74
CEACAM1
ERBB2

tumor necrosis factor
TNF receptor superfamily member 8
tumor necrosis factor superfamily member 8
ubiquitin specific peptidase 18
complement component 5a receptor 1
CD200 molecule
CD200 receptor 1
CD80 molecule
CD86 molecule
C-type lectin domain family 7 member A
colony stimulating factor 2 receptor beta common subunit
major histocompatibility complex, class II, DQ beta 1
intercellular adhesion molecule 1
inducible T-cell costimulator ligand
interferon gamma
immunoglobulin heavy constant mu
interleukin 12 receptor subunit beta 2
interleukin 1 beta
interleukin 2
interleukin 7 receptor
lymphocyte activating 3
nuclear factor, interleukin 3 regulated
notch 3
2’-5’-oligoadenylate synthetase like
programmed cell death 1
plasminogen activator, urokinase receptor
ret proto-oncogene
tumor necrosis factor
TNF receptor superfamily member 25
tumor necrosis factor superfamily member 11
tumor necrosis factor superfamily member 8
androgen receptor
C-C motif chemokine ligand 5
C-C motif chemokine receptor 3
CD244 molecule
CD27 molecule
CD300a molecule
CD69 molecule
CD74 molecule
carcinoembryonic antigen related cell adhesion molecule 1
erb-b2 receptor tyrosine kinase 2
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Ensembl

Exp Log Ratio

Location

Family

ENSMUSG00000024401
ENSMUSG00000028602
ENSMUSG00000028362
ENSMUSG00000030107

1,284
0,976
-2,098
-1,356

Extracellular Space
Plasma Membrane
Plasma Membrane
Cytoplasm

cytokine
transmembrane receptor
cytokine
peptidase

ENSMUSG00000049130
ENSMUSG00000022661
ENSMUSG00000022667
ENSMUSG00000075122
ENSMUSG00000022901
ENSMUSG00000079293
ENSMUSG00000071714
ENSMUSG00000073421
ENSMUSG00000037405
ENSMUSG00000000732
ENSMUSG00000055170
ENSMUSG00000076615
ENSMUSG00000018341
ENSMUSG00000027398
ENSMUSG00000027720
ENSMUSG00000003882
ENSMUSG00000030124
ENSMUSG00000056749
ENSMUSG00000038146
ENSMUSG00000041827
ENSMUSG00000026285
ENSMUSG00000046223
ENSMUSG00000030110
ENSMUSG00000024401
ENSMUSG00000024793
ENSMUSG00000022015
ENSMUSG00000028362

1,46
-2,509
-1,447
0,77
-0,825
1,133
1,202
0,68
0,714
0,97
3,19
-0,931
1,445
2,274
3,3
0,667
-0,933
2,327
3,47
-1,136
-1,455
1,962
0,886
1,284
1,141
-3,869
-2,098

Plasma Membrane
Plasma Membrane
Plasma Membrane
Plasma Membrane
Plasma Membrane
Plasma Membrane
Plasma Membrane
Plasma Membrane
Plasma Membrane
Plasma Membrane
Extracellular Space
Plasma Membrane
Plasma Membrane
Extracellular Space
Extracellular Space
Plasma Membrane
Plasma Membrane
Nucleus
Plasma Membrane
Cytoplasm
Plasma Membrane
Plasma Membrane
Plasma Membrane
Extracellular Space
Plasma Membrane
Extracellular Space
Plasma Membrane

G-protein coupled receptor
other
other
transmembrane receptor
transmembrane receptor
transmembrane receptor
transmembrane receptor
other
transmembrane receptor
other
cytokine
transmembrane receptor
transmembrane receptor
cytokine
cytokine
transmembrane receptor
transmembrane receptor
transcription regulator
transcription regulator
enzyme
phosphatase
transmembrane receptor
kinase
cytokine
transmembrane receptor
cytokine
cytokine

ENSMUSG00000046532
ENSMUSG00000035042
ENSMUSG00000035448
ENSMUSG00000004709
ENSMUSG00000030336
ENSMUSG00000034652
ENSMUSG00000030156
ENSMUSG00000024610
ENSMUSG00000074272
ENSMUSG00000062312

-0,816
1,113
-0,745
0,712
-0,798
0,953
2,499
0,612
1,076
2,4

Nucleus
Extracellular Space
Plasma Membrane
Plasma Membrane
Plasma Membrane
Plasma Membrane
Plasma Membrane
Plasma Membrane
Plasma Membrane
Plasma Membrane

ligand-dependent nuclear receptor
cytokine
G-protein coupled receptor
transmembrane receptor
transmembrane receptor
transmembrane receptor
transmembrane receptor
transmembrane receptor
transporter
kinase
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Symbol

Entrez Gene Name

FASLG
FN1
FOS
GZMA
Gzmb
HSPA1A/HSPA1B
ICAM1
IFNγ
IL12RB2
IL2
ITGAM
JUN
Klra7 (includes others)
KLRB1
Klrk1
Mt1
Mt2
NPC1
PLCG2
PLTP
SLAMF6
SMAD7
STAT1
TNF
TNFAIP3
TNFRSF8
Tnfsf9
TYROBP
VAV3

Fas ligand
fibronectin 1
Fos proto-oncogene, AP-1 transcription factor subunit
granzyme A
granzyme B
heat shock protein family A (Hsp70) member 1A
intercellular adhesion molecule 1
interferon gamma
interleukin 12 receptor subunit beta 2
interleukin 2
integrin subunit alpha M
Jun proto-oncogene, AP-1 transcription factor subunit
killer cell lectin-like receptor, subfamily A, member 4
killer cell lectin like receptor B1
killer cell lectin-like receptor subfamily K, member 1
metallothionein 1
metallothionein 2
NPC intracellular cholesterol transporter 1
phospholipase C gamma 2
phospholipid transfer protein
SLAM family member 6
SMAD family member 7
signal transducer and activator of transcription 1
tumor necrosis factor
TNF alpha induced protein 3
TNF receptor superfamily member 8
tumor necrosis factor (ligand) superfamily, member 9
TYRO protein tyrosine kinase binding protein
vav guanine nucleotide exchange factor 3
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Ensembl

Exp Log Ratio

Location

Family

ENSMUSG00000000817
ENSMUSG00000026193
ENSMUSG00000021250
ENSMUSG00000023132
ENSMUSG00000015437
ENSMUSG00000091971
ENSMUSG00000037405
ENSMUSG00000055170
ENSMUSG00000018341
ENSMUSG00000027720
ENSMUSG00000030786
ENSMUSG00000052684
ENSMUSG00000067591
ENSMUSG00000030361
ENSMUSG00000030149
ENSMUSG00000031765
ENSMUSG00000031762
ENSMUSG00000024413
ENSMUSG00000034330
ENSMUSG00000017754
ENSMUSG00000015314
ENSMUSG00000025880
ENSMUSG00000026104
ENSMUSG00000024401
ENSMUSG00000019850
ENSMUSG00000028602
ENSMUSG00000035678
ENSMUSG00000030579
ENSMUSG00000033721

1,238
1,73
4,645
2,008
0,831
6,868
0,714
3,19
1,445
3,3
1,351
2,82
2,365
3,684
0,971
2,527
2,564
0,664
1,02
1,429
-1,099
0,904
-0,649
1,284
3,208
0,976
1,065
0,831
-0,712

Extracellular Space
Extracellular Space
Nucleus
Cytoplasm
Cytoplasm
Cytoplasm
Plasma Membrane
Extracellular Space
Plasma Membrane
Extracellular Space
Plasma Membrane
Nucleus
Plasma Membrane
Plasma Membrane
Plasma Membrane
Cytoplasm
Other
Cytoplasm
Cytoplasm
Extracellular Space
Plasma Membrane
Nucleus
Nucleus
Extracellular Space
Nucleus
Plasma Membrane
Plasma Membrane
Plasma Membrane
Extracellular Space

cytokine
enzyme
transcription regulator
peptidase
peptidase
enzyme
transmembrane receptor
cytokine
transmembrane receptor
cytokine
transmembrane receptor
transcription regulator
transmembrane receptor
transmembrane receptor
other
other
other
transporter
enzyme
enzyme
transmembrane receptor
transcription regulator
transcription regulator
cytokine
enzyme
transmembrane receptor
other
transmembrane receptor
cytokine
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Table S3. Related to Figures 4 and S4. List of all differentially expressed genes, their subcellular localization,
function and functional category as annotated by IPA in the “Help” versus “No Help” (Fig. 4A) vaccination setting
and the “Help” versus “No Help” virus infection setting (Fig. S4).
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Symbol

Entrez Gene Name

leukocyte migration
ADAM8
ADRB2
ALOX5
ALOX5AP
ANGPTL2
ANXA1
AQP9
AR
BMPR1A
BTLA
C3
C5AR1
CAMP
CCL3L3
CCL4
CCL5
Ccl6
Ccl9
CCR10
CCR3
CCR4
CCR7
CCR9
CD200
CD69
CD74
CD80
CD86
CD9
CD93
CDKN1A
CEACAM1
CHST2
CLEC4E
CLEC7A
CMA1
CMKLR1
COL1A1
CSF1
CSF2RB

ADAM metallopeptidase domain 8
adrenoceptor beta 2
arachidonate 5-lipoxygenase
arachidonate 5-lipoxygenase activating protein
angiopoietin like 2
annexin A1
aquaporin 9
androgen receptor
bone morphogenetic protein receptor type 1A
B and T lymphocyte associated
complement component 3
complement component 5a receptor 1
cathelicidin antimicrobial peptide
C-C motif chemokine ligand 3 like 3
C-C motif chemokine ligand 4
C-C motif chemokine ligand 5
chemokine (C-C motif ) ligand 6
chemokine (C-C motif ) ligand 9
C-C motif chemokine receptor 10
C-C motif chemokine receptor 3
C-C motif chemokine receptor 4
C-C motif chemokine receptor 7
C-C motif chemokine receptor 9
CD200 molecule
CD69 molecule
CD74 molecule
CD80 molecule
CD86 molecule
CD9 molecule
CD93 molecule
cyclin dependent kinase inhibitor 1A
carcinoembryonic antigen related cell adhesion molecule 1
carbohydrate sulfotransferase 2
C-type lectin domain family 4 member E
C-type lectin domain family 7 member A
chymase 1
chemerin chemokine-like receptor 1
collagen type I alpha 1
colony stimulating factor 1
colony stimulating factor 2 receptor beta common subunit
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Ensembl

Exp Log Ratio

Location

Family

ENSMUSG00000025473
ENSMUSG00000045730
ENSMUSG00000025701
ENSMUSG00000060063
ENSMUSG00000004105
ENSMUSG00000024659
ENSMUSG00000032204
ENSMUSG00000046532
ENSMUSG00000021796
ENSMUSG00000052013
ENSMUSG00000024164
ENSMUSG00000049130
ENSMUSG00000038357
ENSMUSG00000000982
ENSMUSG00000018930
ENSMUSG00000035042
ENSMUSG00000018927
ENSMUSG00000019122
ENSMUSG00000044052
ENSMUSG00000035448
ENSMUSG00000047898
ENSMUSG00000037944
ENSMUSG00000029530
ENSMUSG00000022661
ENSMUSG00000030156
ENSMUSG00000024610
ENSMUSG00000075122
ENSMUSG00000022901
ENSMUSG00000030342
ENSMUSG00000027435
ENSMUSG00000023067
ENSMUSG00000074272
ENSMUSG00000033350
ENSMUSG00000030142
ENSMUSG00000079293
ENSMUSG00000022225
ENSMUSG00000042190
ENSMUSG00000001506
ENSMUSG00000014599
ENSMUSG00000071714

1,065
1,57
1,659
1,133
-1,671
1,492
1,651
-0,816
2,256
-1,26
0,939
1,46
1,923
2,553
2,427
1,113
1,374
1,615
-1,395
-0,745
-1,965
-1,486
-1,492
-2,509
2,499
0,612
0,77
-0,825
-1,167
1,27
3,555
1,076
-0,931
1,775
1,133
2,825
0,962
-2,182
1,393
1,202

Plasma Membrane
Plasma Membrane
Cytoplasm
Plasma Membrane
Extracellular Space
Plasma Membrane
Plasma Membrane
Nucleus
Plasma Membrane
Plasma Membrane
Extracellular Space
Plasma Membrane
Cytoplasm
Extracellular Space
Extracellular Space
Extracellular Space
Extracellular Space
Extracellular Space
Plasma Membrane
Plasma Membrane
Plasma Membrane
Plasma Membrane
Plasma Membrane
Plasma Membrane
Plasma Membrane
Plasma Membrane
Plasma Membrane
Plasma Membrane
Plasma Membrane
Plasma Membrane
Nucleus
Plasma Membrane
Cytoplasm
Plasma Membrane
Plasma Membrane
Extracellular Space
Plasma Membrane
Extracellular Space
Extracellular Space
Plasma Membrane

peptidase
G-protein coupled receptor
enzyme
other
other
enzyme
transporter
ligand-dependent nuclear receptor
kinase
other
peptidase
G-protein coupled receptor
other
cytokine
cytokine
cytokine
cytokine
cytokine
G-protein coupled receptor
G-protein coupled receptor
G-protein coupled receptor
G-protein coupled receptor
G-protein coupled receptor
other
transmembrane receptor
transmembrane receptor
transmembrane receptor
transmembrane receptor
other
other
kinase
transporter
enzyme
other
transmembrane receptor
peptidase
G-protein coupled receptor
other
cytokine
transmembrane receptor
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Symbol

Entrez Gene Name

CSF3R
CX3CR1
CXCL3
CXCR2
CXCR3
CXCR4
CXCR5
DDX58
DUSP1
EGR1
EGR2
ELANE
ENPP2
EPAS1
EPHA2
EPS8
ERBB2
F13A1
FASLG
FCGR2B
FN1
FOS
GAB2
GLIS2
HBEGF
HDC
HP
HSPA1A/HSPA1B
ICAM1
ICOSLG/LOC102723996
IFNγ
IL1B
IL2
IL2RA
IL6R
IL6ST
IRF6
Irgm1
ITGA1
ITGAM
ITGAX
KDM6B
LAG3

colony stimulating factor 3 receptor
C-X3-C motif chemokine receptor 1
C-X-C motif chemokine ligand 3
C-X-C motif chemokine receptor 2
C-X-C motif chemokine receptor 3
C-X-C motif chemokine receptor 4
C-X-C motif chemokine receptor 5
DEXD/H-box helicase 58
dual specificity phosphatase 1
early growth response 1
early growth response 2
elastase, neutrophil expressed
ectonucleotide pyrophosphatase/phosphodiesterase 2
endothelial PAS domain protein 1
EPH receptor A2
epidermal growth factor receptor pathway substrate 8
erb-b2 receptor tyrosine kinase 2
coagulation factor XIII A chain
Fas ligand
Fc fragment of IgG receptor IIb
fibronectin 1
Fos proto-oncogene, AP-1 transcription factor subunit
GRB2 associated binding protein 2
GLIS family zinc finger 2
heparin binding EGF like growth factor
histidine decarboxylase
haptoglobin
heat shock protein family A (Hsp70) member 1A
intercellular adhesion molecule 1
inducible T-cell costimulator ligand
interferon gamma
interleukin 1 beta
interleukin 2
interleukin 2 receptor subunit alpha
interleukin 6 receptor
interleukin 6 signal transducer
interferon regulatory factor 6
immunity-related GTPase family M member 1
integrin subunit alpha 1
integrin subunit alpha M
integrin subunit alpha X
lysine demethylase 6B
lymphocyte activating 3
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Ensembl

Exp Log Ratio

Location

Family

ENSMUSG00000028859
ENSMUSG00000052336
ENSMUSG00000058427
ENSMUSG00000026180
ENSMUSG00000050232
ENSMUSG00000045382
ENSMUSG00000047880
ENSMUSG00000040296
ENSMUSG00000024190
ENSMUSG00000038418
ENSMUSG00000037868
ENSMUSG00000020125
ENSMUSG00000022425
ENSMUSG00000024140
ENSMUSG00000006445
ENSMUSG00000015766
ENSMUSG00000062312
ENSMUSG00000039109
ENSMUSG00000000817
ENSMUSG00000026656
ENSMUSG00000026193
ENSMUSG00000021250
ENSMUSG00000004508
ENSMUSG00000014303
ENSMUSG00000024486
ENSMUSG00000027360
ENSMUSG00000031722
ENSMUSG00000091971
ENSMUSG00000037405
ENSMUSG00000000732
ENSMUSG00000055170
ENSMUSG00000027398
ENSMUSG00000027720
ENSMUSG00000026770
ENSMUSG00000027947
ENSMUSG00000021756
ENSMUSG00000026638
ENSMUSG00000046879
ENSMUSG00000042284
ENSMUSG00000030786
ENSMUSG00000030789
ENSMUSG00000018476
ENSMUSG00000030124

1,028
1,342
6,153
0,875
-0,848
1,944
-1,343
-0,669
4,434
4,244
3,339
5,445
-1,702
2,28
2,037
2,327
2,4
1,409
1,238
1,687
1,73
4,645
1,28
1,506
3,501
1,668
1,362
6,868
0,714
0,97
3,19
2,274
3,3
1,374
-1,349
-1,108
-2,131
-0,7
1,117
1,351
1,485
1,691
-0,933

Plasma Membrane
Plasma Membrane
Extracellular Space
Plasma Membrane
Plasma Membrane
Plasma Membrane
Plasma Membrane
Cytoplasm
Nucleus
Nucleus
Nucleus
Extracellular Space
Plasma Membrane
Nucleus
Plasma Membrane
Plasma Membrane
Plasma Membrane
Extracellular Space
Extracellular Space
Plasma Membrane
Extracellular Space
Nucleus
Cytoplasm
Nucleus
Extracellular Space
Cytoplasm
Extracellular Space
Cytoplasm
Plasma Membrane
Plasma Membrane
Extracellular Space
Extracellular Space
Extracellular Space
Plasma Membrane
Plasma Membrane
Plasma Membrane
Nucleus
Cytoplasm
Plasma Membrane
Plasma Membrane
Plasma Membrane
Extracellular Space
Plasma Membrane

transmembrane receptor
G-protein coupled receptor
cytokine
G-protein coupled receptor
G-protein coupled receptor
G-protein coupled receptor
G-protein coupled receptor
enzyme
phosphatase
transcription regulator
transcription regulator
peptidase
enzyme
transcription regulator
kinase
peptidase
kinase
enzyme
cytokine
transmembrane receptor
enzyme
transcription regulator
other
transcription regulator
growth factor
enzyme
peptidase
enzyme
transmembrane receptor
other
cytokine
cytokine
cytokine
transmembrane receptor
transmembrane receptor
transmembrane receptor
transcription regulator
other
other
transmembrane receptor
transmembrane receptor
enzyme
transmembrane receptor
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Symbol

Entrez Gene Name

LCN2
LILRB3
LTB4R
LTF
Ly6a (includes others)
LYZ
MAP3K5
MAP3K8
Mcpt4
MMP8
MMP9
MPO
Muc1
NCF4
NFKBIA
NFKBIZ
NLRP3
NPC1
PDCD1
PDE4B
Pde4d
PDGFB
PECAM1
PER1
PLAUR
PLCG2
PLXND1
PPP1R15A
PTGDR2
PTGS2
PTPRO
RAP2A
RGS1
RGS16
RHOB
S100A8
S100A9
S1PR5
SELL
SERPINB1
SMAD7
SPI1
SRCIN1

lipocalin 2
leukocyte immunoglobulin like receptor B3
leukotriene B4 receptor
lactotransferrin
lymphocyte antigen 6 complex, locus A
lysozyme
mitogen-activated protein kinase kinase kinase 5
mitogen-activated protein kinase kinase kinase 8
mast cell protease 4
matrix metallopeptidase 8
matrix metallopeptidase 9
myeloperoxidase
mucin 1, transmembrane
neutrophil cytosolic factor 4
NFKB inhibitor alpha
NFKB inhibitor zeta
NLR family pyrin domain containing 3
NPC intracellular cholesterol transporter 1
programmed cell death 1
phosphodiesterase 4B
phosphodiesterase 4D, cAMP specific
platelet derived growth factor subunit B
platelet and endothelial cell adhesion molecule 1
period circadian clock 1
plasminogen activator, urokinase receptor
phospholipase C gamma 2
plexin D1
protein phosphatase 1 regulatory subunit 15A
prostaglandin D2 receptor 2
prostaglandin-endoperoxide synthase 2
protein tyrosine phosphatase, receptor type O
RAP2A, member of RAS oncogene family
regulator of G-protein signaling 1
regulator of G-protein signaling 16
ras homolog family member B
S100 calcium binding protein A8
S100 calcium binding protein A9
sphingosine-1-phosphate receptor 5
selectin L
serpin family B member 1
SMAD family member 7
Spi-1 proto-oncogene
SRC kinase signaling inhibitor 1
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Ensembl

Exp Log Ratio

Location

Family

ENSMUSG00000026822
ENSMUSG00000030427
ENSMUSG00000046908
ENSMUSG00000032496
ENSMUSG00000022586
ENSMUSG00000069516
ENSMUSG00000071369
ENSMUSG00000024235
ENSMUSG00000061068
ENSMUSG00000005800
ENSMUSG00000017737
ENSMUSG00000009350
ENSMUSG00000042784
ENSMUSG00000071715
ENSMUSG00000021025
ENSMUSG00000035356
ENSMUSG00000032691
ENSMUSG00000024413
ENSMUSG00000026285
ENSMUSG00000028525
ENSMUSG00000021699
ENSMUSG00000000489
ENSMUSG00000020717
ENSMUSG00000020893
ENSMUSG00000046223
ENSMUSG00000034330
ENSMUSG00000030123
ENSMUSG00000040435
ENSMUSG00000034117
ENSMUSG00000032487
ENSMUSG00000030223
ENSMUSG00000051615
ENSMUSG00000026358
ENSMUSG00000026475
ENSMUSG00000054364
ENSMUSG00000056054
ENSMUSG00000056071
ENSMUSG00000045087
ENSMUSG00000026581
ENSMUSG00000044734
ENSMUSG00000025880
ENSMUSG00000002111
ENSMUSG00000038453

0,901
1,695
1,965
1,148
0,982
1,203
-0,703
0,895
-2,913
1,674
1,175
6,075
1,586
0,819
1,87
2,114
1,127
0,664
-1,455
0,629
1,04
-1,301
-0,927
1,424
1,962
1,02
1,067
3,11
1,001
4,144
1,419
0,986
2,589
1,554
1,685
1,122
1,154
1,852
-1,385
1,05
0,904
1,052
2,994

Extracellular Space
Plasma Membrane
Plasma Membrane
Extracellular Space
Plasma Membrane
Extracellular Space
Cytoplasm
Cytoplasm
Other
Extracellular Space
Extracellular Space
Cytoplasm
Plasma Membrane
Cytoplasm
Cytoplasm
Nucleus
Cytoplasm
Cytoplasm
Plasma Membrane
Cytoplasm
Cytoplasm
Extracellular Space
Plasma Membrane
Nucleus
Plasma Membrane
Cytoplasm
Plasma Membrane
Cytoplasm
Plasma Membrane
Cytoplasm
Plasma Membrane
Plasma Membrane
Plasma Membrane
Cytoplasm
Cytoplasm
Cytoplasm
Cytoplasm
Plasma Membrane
Plasma Membrane
Cytoplasm
Nucleus
Nucleus
Cytoplasm

transporter
transmembrane receptor
G-protein coupled receptor
peptidase
other
enzyme
kinase
kinase
peptidase
peptidase
peptidase
enzyme
transmembrane receptor
enzyme
transcription regulator
transcription regulator
other
transporter
phosphatase
enzyme
enzyme
growth factor
other
other
transmembrane receptor
enzyme
transmembrane receptor
other
G-protein coupled receptor
enzyme
phosphatase
enzyme
other
other
enzyme
other
other
G-protein coupled receptor
transmembrane receptor
other
transcription regulator
transcription regulator
other
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Symbol

Entrez Gene Name

STAT1
TIMP2
TNF
TNFAIP3
TNFRSF8
TNFSF11
TNFSF8
Tnfsf9
TPSAB1/TPSB2
TREM1
TREML2
TYROBP
VAV3
VEGFA
VIPR1
ZBTB16
ZC3H12A
invasion of cells
ADAM8
ADRB2
ALOX5
ANXA1
AR
AREG
ATF3
ATP6V0C
BHLHE40
BMP7
CCR7
CCR9
CD9
CDC42BPB
CDK1
CDKN1A
CDKN2A
CEACAM1
CSF1
CXCR4
DDX58
DNAJB4
EFNA1
EGR1
ENPP2

signal transducer and activator of transcription 1
TIMP metallopeptidase inhibitor 2
tumor necrosis factor
TNF alpha induced protein 3
TNF receptor superfamily member 8
tumor necrosis factor superfamily member 11
tumor necrosis factor superfamily member 8
tumor necrosis factor (ligand) superfamily, member 9
tryptase alpha/beta 1
triggering receptor expressed on myeloid cells 1
triggering receptor expressed on myeloid cells like 2
TYRO protein tyrosine kinase binding protein
vav guanine nucleotide exchange factor 3
vascular endothelial growth factor A
vasoactive intestinal peptide receptor 1
zinc finger and BTB domain containing 16
zinc finger CCCH-type containing 12A
ADAM metallopeptidase domain 8
adrenoceptor beta 2
arachidonate 5-lipoxygenase
annexin A1
androgen receptor
amphiregulin
activating transcription factor 3
ATPase H+ transporting V0 subunit c
basic helix-loop-helix family member e40
bone morphogenetic protein 7
C-C motif chemokine receptor 7
C-C motif chemokine receptor 9
CD9 molecule
CDC42 binding protein kinase beta
cyclin dependent kinase 1
cyclin dependent kinase inhibitor 1A
cyclin dependent kinase inhibitor 2A
carcinoembryonic antigen related cell adhesion molecule 1
colony stimulating factor 1
C-X-C motif chemokine receptor 4
DEXD/H-box helicase 58
DnaJ heat shock protein family (Hsp40) member B4
ephrin A1
early growth response 1
ectonucleotide pyrophosphatase/phosphodiesterase 2
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Ensembl

Exp Log Ratio

Location

Family

ENSMUSG00000026104
ENSMUSG00000017466
ENSMUSG00000024401
ENSMUSG00000019850
ENSMUSG00000028602
ENSMUSG00000022015
ENSMUSG00000028362
ENSMUSG00000035678
ENSMUSG00000033825
ENSMUSG00000042265
ENSMUSG00000071068
ENSMUSG00000030579
ENSMUSG00000033721
ENSMUSG00000023951
ENSMUSG00000032528
ENSMUSG00000066687
ENSMUSG00000042677

-0,649
-0,961
1,284
3,208
0,976
-3,869
-2,098
1,065
-5,508
1,8
-1,284
0,831
-0,712
2,002
-1,121
1,839
1,437

Nucleus
Extracellular Space
Extracellular Space
Nucleus
Plasma Membrane
Extracellular Space
Plasma Membrane
Plasma Membrane
Extracellular Space
Plasma Membrane
Plasma Membrane
Plasma Membrane
Extracellular Space
Extracellular Space
Plasma Membrane
Nucleus
Cytoplasm

transcription regulator
other
cytokine
enzyme
transmembrane receptor
cytokine
cytokine
other
peptidase
transmembrane receptor
other
transmembrane receptor
cytokine
growth factor
G-protein coupled receptor
transcription regulator
enzyme

ENSMUSG00000025473
ENSMUSG00000045730
ENSMUSG00000025701
ENSMUSG00000024659
ENSMUSG00000046532
ENSMUSG00000029378
ENSMUSG00000026628
ENSMUSG00000024121
ENSMUSG00000030103
ENSMUSG00000008999
ENSMUSG00000037944
ENSMUSG00000029530
ENSMUSG00000030342
ENSMUSG00000021279
ENSMUSG00000019942
ENSMUSG00000023067
ENSMUSG00000044303
ENSMUSG00000074272
ENSMUSG00000014599
ENSMUSG00000045382
ENSMUSG00000040296
ENSMUSG00000028035
ENSMUSG00000027954
ENSMUSG00000038418
ENSMUSG00000022425

1,065
1,57
1,659
1,492
-0,816
4,729
5,037
0,652
2,887
-3,31
-1,486
-1,492
-1,167
-0,721
0,635
3,555
1,417
1,076
1,393
1,944
-0,669
1,472
1,876
4,244
-1,702

Plasma Membrane
Plasma Membrane
Cytoplasm
Plasma Membrane
Nucleus
Extracellular Space
Nucleus
Cytoplasm
Nucleus
Extracellular Space
Plasma Membrane
Plasma Membrane
Plasma Membrane
Cytoplasm
Nucleus
Nucleus
Nucleus
Plasma Membrane
Extracellular Space
Plasma Membrane
Cytoplasm
Nucleus
Plasma Membrane
Nucleus
Plasma Membrane

peptidase
G-protein coupled receptor
enzyme
enzyme
ligand-dependent nuclear receptor
growth factor
transcription regulator
transporter
transcription regulator
growth factor
G-protein coupled receptor
G-protein coupled receptor
other
kinase
kinase
kinase
transcription regulator
transporter
cytokine
G-protein coupled receptor
enzyme
other
other
transcription regulator
enzyme
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EPHA2
EPS8
ERBB2
ERBB3
ESM1
FABP5
FASLG
FN1
FOS
FOSL1
FOXM1
GAB2
GEM
GPC1
HBEGF
HEXIM1
HIC1
HSPA5
IFNγ
IL1B
IRS2
ITGA1
ITGAM
ITGAX
JUN
JUNB
JUP
KCNH2
KDM6B
KLF4
LAMC1
LCN2
LRIG1
LTF
MATK
MMP9
Nebl
NFKBIA
NFKBID
Ngp
NR4A1
NR4A2
NUAK2

EPH receptor A2
epidermal growth factor receptor pathway substrate 8
erb-b2 receptor tyrosine kinase 2
erb-b2 receptor tyrosine kinase 3
endothelial cell specific molecule 1
fatty acid binding protein 5
Fas ligand
fibronectin 1
Fos proto-oncogene, AP-1 transcription factor subunit
FOS like 1, AP-1 transcription factor subunit
forkhead box M1
GRB2 associated binding protein 2
GTP binding protein overexpressed in skeletal muscle
glypican 1
heparin binding EGF like growth factor
hexamethylene bisacetamide inducible 1
hypermethylated in cancer 1
heat shock protein family A (Hsp70) member 5
interferon gamma
interleukin 1 beta
insulin receptor substrate 2
integrin subunit alpha 1
integrin subunit alpha M
integrin subunit alpha X
Jun proto-oncogene, AP-1 transcription factor subunit
JunB proto-oncogene, AP-1 transcription factor subunit
junction plakoglobin
potassium voltage-gated channel subfamily H member 2
lysine demethylase 6B
Kruppel like factor 4
laminin subunit gamma 1
lipocalin 2
leucine rich repeats and immunoglobulin like domains 1
lactotransferrin
megakaryocyte-associated tyrosine kinase
matrix metallopeptidase 9
nebulette
NFKB inhibitor alpha
NFKB inhibitor delta
neutrophilic granule protein
nuclear receptor subfamily 4 group A member 1
nuclear receptor subfamily 4 group A member 2
NUAK family kinase 2
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Exp Log Ratio

Location

Family

ENSMUSG00000006445
ENSMUSG00000015766
ENSMUSG00000062312
ENSMUSG00000018166
ENSMUSG00000042379
ENSMUSG00000027533
ENSMUSG00000000817
ENSMUSG00000026193
ENSMUSG00000021250
ENSMUSG00000024912
ENSMUSG00000001517
ENSMUSG00000004508
ENSMUSG00000028214
ENSMUSG00000034220
ENSMUSG00000024486
ENSMUSG00000048878
ENSMUSG00000043099
ENSMUSG00000026864
ENSMUSG00000055170
ENSMUSG00000027398
ENSMUSG00000038894
ENSMUSG00000042284
ENSMUSG00000030786
ENSMUSG00000030789
ENSMUSG00000052684
ENSMUSG00000052837
ENSMUSG00000001552
ENSMUSG00000038319
ENSMUSG00000018476
ENSMUSG00000003032
ENSMUSG00000026478
ENSMUSG00000026822
ENSMUSG00000030029
ENSMUSG00000032496
ENSMUSG00000004933
ENSMUSG00000017737
ENSMUSG00000053702
ENSMUSG00000021025
ENSMUSG00000036931
ENSMUSG00000032484
ENSMUSG00000023034
ENSMUSG00000026826
ENSMUSG00000009772

2,037
2,327
2,4
-0,925
2,653
1,161
1,238
1,73
4,645
4,411
0,633
1,28
1,88
1,192
3,501
1,08
1,62
0,662
3,19
2,274
1,58
1,117
1,351
1,485
2,82
2,311
0,916
-1,676
1,691
3,334
0,822
0,901
-1,808
1,148
0,845
1,175
0,854
1,87
1,33
1,525
5,183
5,77
1,317

Plasma Membrane
Plasma Membrane
Plasma Membrane
Plasma Membrane
Extracellular Space
Cytoplasm
Extracellular Space
Extracellular Space
Nucleus
Nucleus
Nucleus
Cytoplasm
Plasma Membrane
Plasma Membrane
Extracellular Space
Nucleus
Nucleus
Cytoplasm
Extracellular Space
Extracellular Space
Cytoplasm
Plasma Membrane
Plasma Membrane
Plasma Membrane
Nucleus
Nucleus
Plasma Membrane
Plasma Membrane
Extracellular Space
Nucleus
Extracellular Space
Extracellular Space
Extracellular Space
Extracellular Space
Cytoplasm
Extracellular Space
Cytoplasm
Cytoplasm
Nucleus
Extracellular Space
Nucleus
Nucleus
Other

kinase
peptidase
kinase
kinase
growth factor
transporter
cytokine
enzyme
transcription regulator
transcription regulator
transcription regulator
other
enzyme
transmembrane receptor
growth factor
transcription regulator
transcription regulator
enzyme
cytokine
cytokine
enzyme
other
transmembrane receptor
transmembrane receptor
transcription regulator
transcription regulator
other
ion channel
enzyme
transcription regulator
other
transporter
other
peptidase
kinase
peptidase
other
transcription regulator
transcription regulator
other
ligand-dependent nuclear receptor
ligand-dependent nuclear receptor
kinase
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Symbol

Entrez Gene Name

NUMBL
PAK6
PLAUR
PLXNB1
PPIC
PRKCE
PTGER2
PTGS2
PTP4A1
RET
RHOB
RORA
S100A8
S100A9
SATB1
SKAP2
SMAD7
SNAI1
SPI1
SPRY2
ST14
ST8SIA1
TAGLN
TGFBI
TGFBR3
TIMP2
TNF
TNFSF11
VAV3
VEGFA
YAP1
YES1
ZBTB16
ZEB2

NUMB like, endocytic adaptor protein
p21 (RAC1) activated kinase 6
plasminogen activator, urokinase receptor
plexin B1
peptidylprolyl isomerase C
protein kinase C epsilon
prostaglandin E receptor 2
prostaglandin-endoperoxide synthase 2
protein tyrosine phosphatase type IVA, member 1
ret proto-oncogene
ras homolog family member B
RAR related orphan receptor A
S100 calcium binding protein A8
S100 calcium binding protein A9
SATB homeobox 1
src kinase associated phosphoprotein 2
SMAD family member 7
snail family transcriptional repressor 1
Spi-1 proto-oncogene
sprouty RTK signaling antagonist 2
suppression of tumorigenicity 14
ST8 alpha-N-acetyl-neuraminide alpha-2,8-sialyltransferase 1
transgelin
transforming growth factor beta induced
transforming growth factor beta receptor 3
TIMP metallopeptidase inhibitor 2
tumor necrosis factor
tumor necrosis factor superfamily member 11
vav guanine nucleotide exchange factor 3
vascular endothelial growth factor A
Yes associated protein 1
YES proto-oncogene 1, Src family tyrosine kinase
zinc finger and BTB domain containing 16
zinc finger E-box binding homeobox 2

CD4 + T CELL HELP FOR PRIMARY CTL RESPONSE

Ensembl

Exp Log Ratio

Location

Family

ENSMUSG00000063160
ENSMUSG00000074923
ENSMUSG00000046223
ENSMUSG00000053646
ENSMUSG00000024538
ENSMUSG00000045038
ENSMUSG00000037759
ENSMUSG00000032487
ENSMUSG00000026064
ENSMUSG00000030110
ENSMUSG00000054364
ENSMUSG00000032238
ENSMUSG00000056054
ENSMUSG00000056071
ENSMUSG00000023927
ENSMUSG00000059182
ENSMUSG00000025880
ENSMUSG00000042821
ENSMUSG00000002111
ENSMUSG00000022114
ENSMUSG00000031995
ENSMUSG00000030283
ENSMUSG00000032085
ENSMUSG00000035493
ENSMUSG00000029287
ENSMUSG00000017466
ENSMUSG00000024401
ENSMUSG00000022015
ENSMUSG00000033721
ENSMUSG00000023951
ENSMUSG00000053110
ENSMUSG00000014932
ENSMUSG00000066687
ENSMUSG00000026872

0,916
-1,378
1,962
-1,104
-1,787
1,068
-1,937
4,144
0,943
0,886
1,685
0,676
1,122
1,154
1,216
0,86
0,904
2,082
1,052
2,729
-0,813
-0,896
2,127
0,886
-1,059
-0,961
1,284
-3,869
-0,712
2,002
1,917
2,603
1,839
2,147

Cytoplasm
Cytoplasm
Plasma Membrane
Plasma Membrane
Cytoplasm
Cytoplasm
Plasma Membrane
Cytoplasm
Cytoplasm
Plasma Membrane
Cytoplasm
Nucleus
Cytoplasm
Cytoplasm
Nucleus
Cytoplasm
Nucleus
Nucleus
Nucleus
Plasma Membrane
Plasma Membrane
Cytoplasm
Cytoplasm
Extracellular Space
Plasma Membrane
Extracellular Space
Extracellular Space
Extracellular Space
Extracellular Space
Extracellular Space
Nucleus
Cytoplasm
Nucleus
Nucleus

other
kinase
transmembrane receptor
transmembrane receptor
enzyme
kinase
G-protein coupled receptor
enzyme
phosphatase
kinase
enzyme
ligand-dependent nuclear receptor
other
other
transcription regulator
other
transcription regulator
transcription regulator
transcription regulator
other
peptidase
enzyme
other
other
kinase
other
cytokine
cytokine
cytokine
growth factor
transcription regulator
kinase
transcription regulator
transcription regulator
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Helper CD4+ T-cells optimize memory differentiation of CD8+ T-cells, by transcriptional
and epigenetic mechanisms that we reveal here at the genome-wide level. “Help” signals
increased the size of central-, effector- and tissue-resident memory CD8+ T-cell pools
and programmed memory CD8+ T cells to express at steady-state specific transcription
factors, effector molecules and cytokine receptors. “Help”-dependent IL-15 responsiveness
promoted maintenance of central memory CD8+ T cells, while IL-12 and IL-18 responsiveness
enabled innate recall ability of “helped” memory CD8+ T cells, hallmarked by Granzyme-B
and IFNγ production. After antigen-specific recall in absence of CD4+ T-cell help, “helped”
memory CD8+ T cells preferentially became short-lived effectors, expressing the effector
program characteristic of “helped” primary cytotoxic T lymphocytes (CTLs). Thus, CD8+ T cells
that received “help” during priming were “help”-independent after recall, which correlated
with epigenetic changes related to the CTL effector gene program. Our findings suggest that
CD4+ T-cell help endows CD8+ T cells with an epigenetic program that makes their memory
response more independent of antigen and adaptive immune signals.
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INTRODUCTION
Immunological memory ensures that an organism is protected against a specific pathogen
after initial infection, or after vaccination. Immunological memory is classically attributed to
cells of the adaptive immune system and is based on three elements: 1) the clonal expansion
of T- or B cells specific for a certain antigen, 2) the long-term maintenance of at least part of
this expanded antigen-specific T- or B cell pool as memory cells, and 3) the intrinsic ability of
memory T- or B cells to respond more efficiently to renewed encounter of the same antigen
by clonal expansion and display of effector function (1). Remarkably, memory CD8+ T cells can
also confer innate immunity, since they can be activated in an antigen-independent manner
and thus protect against pathogens distinct from those causing the primary infection (2).
A single naïve CD8+ T cell can give rise to both effector and memory cells after
priming (3). The differentiation path of a given CD8+ T cell is graded from less to more
differentiated, culminating in the terminally differentiated effector cell that is short-lived.
Compared to effector cells, memory CD8+ T cells exhibit less differentiated phenotypes, can
self-renew, have a high proliferative potential and increased longevity (4). Memory CD8+ T
cells are discerned into central (TCM), effector (TEM) and tissue-resident (TRM) cells. TRM reside
in non-lymphoid tissues at sites of initial infection and do not re-enter the circulation5. TCM
cells and TEM cells can be discriminated based on expression of homing receptors that allow
TCM cells to circulate through lymph nodes, while TEM cells primarily circulate through nonlymphoid tissues and spleen.
Whether a primed CD8+ T cell becomes a short-lived effector cell (SLEC), or a memory
precursor cell (MPEC) is decided upon by specific transcription factors that act in pairs to
determine opposite cell fates by directing specific gene expression programs (3,6). For
example, the balance between Blimp-1 and Bcl-6 is decisive for an effector versus memory
T-cell fate. Cell fate decisions are largely based on gene transcription that is orchestrated at
the epigenetic level7. Epigenetic processes, such as DNA methylation, histone acetylation,
and histone methylation confer chromatin states of a gene that facilitate or prohibit
transcription. Recent data reveal a coupling between the master regulators of transcription
and epigenetic modification (6). For example, the transcription factor Blimp-1 can recruit
the histone methyltransferase G9a and the deacetylase HDAC2 to close the Il2ra and Cd27
loci in short-lived effector cells (8). At the steady-state, memory CD8+ T cells share 95% of
their expressed genome with naïve CD8+ T cells (7,9). Certain genes are highly expressed in
resting memory T cells but not in resting naïve T cells. The intrinsic ability of memory CD8+ T
cells to more efficiently expand and display effector functions upon secondary stimulation
is conferred in part by so-called “poised” genes. These genes are more readily expressed
in activated memory T cells as compared to activated naïve T cells (7,9). They can have an
open chromatin state, but low gene expression in the steady-state memory phase (9). The Il2
and Ifng loci are “poised” because of the more rapid demethylation of their promoters upon
recall (10,11).
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Intrinsic memory qualities are instilled into CD8+ T cells during the priming phase,
a phenomenon called “memory programming” (12). The generation of CD8+ T-cell memory
fully depends on “help” signals that are delivered by CD4+ T cells during priming (13–15). These
“help” signals are relayed from the CD4+ T cell to the CD8+ T cell via an XCR1+ lymph-node
resident DC, as recently established in the mouse (16,17). The DC is conditioned by the CD4+
T cell to deliver certain costimulatory signals and cytokines, in particular CD27 costimulation
and IL-12 or IL-15 that orchestrate CTL effector- and memory differentation (14,18-20). We
have recently uncovered by transcriptomic analysis the gene expression program underlying
CTL effector differentiation as instructed by CD4+ T-cell help (20). Thus far, the effect of CD4+
T-cell help on the establishment of specific epigenetic and transcriptional programs that
underlie CD8+ T-cell memory formation and recall functions was unknown (15), except for its
impact on epigenetic imprinting of the Il2 and Ifng gene loci (10,11).
We here present the impact of CD4+ T-cell help on the gene expression program of
steady-state memory CD8+ T cells and secondary effector CTLs. We demonstrate that delivery
of CD4+ T-cell help during priming enhances long-term maintenance of memory CD8+ T
cells by specific cytokine networks and confers innate surveillance abilities. Moreover, we
reveal at the genome-wide level epigenetic changes that underlie long-term maintenance
of memory CD8+ T cells and their improved capacity to respond by clonal expansion and
display of CTL effector functions after secondary challenge.

RESULTS
CD4+ T-cell help supports formation of CD8+ TCM, TEM and TRM cells
To examine how CD4+ T-cell help impacts on CD8+ T-cell memory, we used a mouse model
of therapeutic anti-cancer vaccination. A comparative setting was created using two
plasmid (p)DNA vaccines that encode the human papilloma virus (HPV) E7 protein either
with the immunodominant, MHC class I-restricted epitope E748-57 alone (“No help”), or in
conjunction with exogenous, HPV-unrelated MHC class II-restricted helper epitopes (“Help”)
(19-21). As shown before (19-21), inclusion of helper epitopes in the vaccine significantly
increased the magnitude of the primary H-2Db/E748-57 (E7)-specific CD8+ T-cell response, as
measured in blood at 10 day (peak) (Figure 1A). “Help” also significantly increased the total
numbers of E7-specific CD8+ T cells with a short-lived effector (SLEC) phenotype (CD127KLRG1+) (22), as well as those with memory precursor (MPEC) phenotype (CD127+KLRG1-)
(22) (Figure 1B).
We tested how CD4+ T-cell help impacted the establishment of different memory CD8+
T-cell subpopulations in lymphoid- and non-lymphoid tissues. The frequencies of E7specific CD8+ T cells with TEM phenotype (CD44+CD62L-) and TCM phenotype (CD44+CD62L-)
were determined by flow cytometry. At day 50, “Help” vaccination had led to a significantly
higher frequency of E7-specific TEM cells in draining lymph node (dLN) (Figure 1C), spleen
(Figure 1D), blood (Figure 1E) and bone marrow (Figure S1), as compared to “No help”
vaccination. At that time point, there were no significant differences in the frequencies of
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Figure 1. CD4+ T cell help supports formation of CD8+ TCM, TEM and TRM cells. Mice (n=4 per group)
were vaccinated intra-epidermally with a DNA construct encoding HPV-E7 with (“Help”) or without (“No
help”) MHC class-II-restricted helper epitopes on day 0, 3 and 6. CD8+ T cells specific for the encoding
immunodominant E749-57 peptide in the context of H-2Db were enumerated by flow cytometry using
MHC tetramers. (A) Representative flow cytometric plots indicating in the boxes H-2Db/E749-57 (E7)specific CD8+ T cells as measured in the spleen at the peak of the response (day 10). (B) Absolute numbers
(#) of E7-specific CD8+ T cells among CD127-KLRG1+ SLECs and CD127+KLRG1- MPECs, as measured in
the spleen at day 10. (C-E) Frequencies of E7-specific TEM phenotype (CD44+CD62L-) and TCM phenotype
(CD44-CD62L+) phenotype CD8+ T cells, as determined in dLN (C), spleen (D) and blood (E) at day 50.
Left panels: primary flow cytometric data. Right panels: quantification for n=5. (F-H) Frequencies of
E7-specific CD44+CD62- TEM and CD44+CD62+ TCM phenotype CD8+ T cells determined in dLN (F), spleen
(G) and blood (H) at day 120. (I) Frequency of CD103+ E7-specific TRM phenotype CD8+ cells among live
cells isolated from skin at day 50 after vaccination. Data are from one experiment representative of
two experiments.

E7-specific TCM cells in dLN and spleen (Figure 1C, D). At day 120 however, the frequency of
E7-specific TCM cells in the dLN and spleen was significantly lower after “No help” vaccination
than after “Help” vaccination (Figure 1F, G). At both time points, frequencies of TCM cells in
blood were very low, in agreement with their preferential localization to secondary lymphoid
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organs (Figure 1E, H). “Help” vaccination also increased the frequency of E7-specific TRM
phenotype (CD103+) CD8+ cells in the skin (Figure 1I). Thus, CD4+ T-cell help delivered during
priming resulted in enhanced generation and maintenance of all memory CD8+ T-cell
subpopulations with different tissue distributions.

CD4+ T-cell help during priming creates memory CD8+ T cells with a specific gene
expression program that are maintained by IL-15 signaling.

5
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We next determined the impact of CD4+ T-cell help on the functional state of memory CD8+
T cells. For this purpose, E7-specific memory CD8+ T cells were flow cytometrically isolated
at day 50 from the spleens of mice that had received “Help” or “No help” vaccine, mRNA was
isolated and subjected to deep sequencing (RNAseq). This unbiased, genome-wide analysis
revealed 113 genes with significant differential expression between the comparative groups
(Figure 2A; Table S1). Most of these genes were assigned by gene ontology analysis with
BiNGO to functional categories denoted as regulation of immune- or defense response
and leukocyte cytotoxicity (Figure 2B), in agreement with CTL memory functions. Genes
that had a significantly increased expression in memory CD8+ T cells as a result of “help”
delivered during priming included those encoding transcription factors Blimp1 (Prdm1),
RORα and Runx2, Granzymes (Gzma, Gzmb, Gzmk), chemokine receptors (Cx3cr1 and Cxcr6),
TNF receptors (Tnfrsf1b, Tnfrsf25) and cytokine receptors (Il10ra, Il12rb2, Il15rb, Il18r1, Il18rap)
(Figure 2C; Table S1).
Memory CD8+ T cells are known to undergo antigen-independent homeostatic
proliferation driven by IL-15 (23). At day 50 after vaccination, the IL-15Rβ chain (CD122)
was expressed at significantly higher levels at the cell surface of “helped” as compared to
“non-helped” E7-specific TCM cells, in both dLN and spleen (Figure 2D, E). In TEM cells, “help”
did not increase the cell surface expression of the IL-15Rβ chain (Figure 2D, E). These data
suggested that IL-15 receptor signaling promoted the size of the TCM cell pool in dLN
and spleen after “Help” vaccination (Figure 1C, D). To test this, an antibody intervention
experiment was performed: Responder CD45.1+ CD8+ OT-I T cells that have a transgenic TCR
specific for the OVA257-264/H-2Kb complex were transferred into CD45.2+ recipient mice. Next,
mice received DNA vaccine encoding the OVA257-264 epitope either with (“Help”) or without
(“No help”) the helper cassette. In both conditions, primary OT-I T cell response had similar
kinetics to the response of endogenous E7-specific CD8+ T cells (Figure S2). Next, mice
were treated from day 20 to 50 with control or neutralizing antibody to IL-15 (Figure 2F).
At day 100, the size of the TCM and TEM cell pools in dLN and spleen was determined. IL-15
neutralization significantly diminished the size of the TCM cell pools after “Help” vaccination,
without having an effect after “No help” vaccination (Figure 2G). The TEM cell population
was unaffected by IL-15 neutralization in both conditions (Figure 2H). These data, together
with the documented effects of IL-15 on CD8+ memory T-cell maintenance (23) indicate that
upregulation of the IL-15Rβ chain as a result of “help” signals increases the long-term survival
of CD8+ TCM cells. Overall, the transcriptional profiling suggests that delivery of CD4+ T cell
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help during priming induces a specific gene expression program in CD8+ T cells that fosters
both TCM and TEM cell traits.

5

Figure 2. CD4+ T cell help during priming creates memory CD8+ T cells with a specific gene expression
program that are maintained by IL-15 signaling. (A) Volcano plot depicting results of comparative
transcriptome analysis of E7-specific steady-state memory CD8+ T cells isolated from spleens at day 50
after primary vaccination (n=3 mice per group). Blue and red dots indicate transcripts with significant
differential expression (FDR<0.1). (B) Enrichment map (BiNGO) classifying differentially expressed
genes into functional categories. Nodes represent biological process terms from Gene Ontology.
Highly connected terms were grouped and annotated manually by a shared term. Nodes 1-4 indicate
the general functional categories 1) regulation of cellular process, 2) regulation of biological process,
3) cellular process, 4) biological regulation. (C) Hierarchical clustering and heat map of differentially
expressed genes in triplicate samples, with annotation of selected genes. See also Table S1. (D, E) Cell
surface expression of IL-15Rβ as determined by flow cytometry on E7-specific CD8+ TCM and TEM cell
subsets in spleen at day 50. (D) primary data; (E) quantification of mean fluorescence intensity (MFI)
for n=3. (F) Experimental set up. CD45.1+ OT-I T cells were adoptively transferred into CD45.2+ recipient
mice (n=5 per group) that 1 day later received OVA-encoding “Help” or “No help” vaccine. From day 20
onwards, indicated groups were treated with isotype control antibody or neutralizing αIL-15 antibody
every 5 days until day 50. (G) Frequency of CD45.1+ TCM and TEM cells was measured at day 100 in dLN and
spleen. Data in D-F are from one experiment representative of two experiments.
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CD4+ T-cell help promotes IL-12- and IL-18-induced innate memory function of
CD8+ T cells

5

It is emerging that memory CD8+ T cells can be reactivated in an antigen non-specific
manner, in particular by cytokines. By sensing such inflammatory signals, memory CD8+ T
cells can directly exert effector functions, like production of IFNγ and proliferate (2). Among
many cytokines tested, combined stimulation by IL-12 and IL-18 solicited such responses
most efficiently (24). Our transcriptome dataset suggested that CD4+ T-cell help prepares
memory CD8+ T cells for innate responsiveness by upregulating the receptors for IL-12 and
IL-18. We examined this in an adoptive transfer experiment using CD45.1+ CD8+ OT-I T cells
(Figure 3A). These cells were transferred into CD45.2+ recipient mice, which were challenged
or not with OVA-encoding “Help” or “No help” vaccine. At day 100, we validated the expression
of IL-12Rb and IL-18Ra by CD45.1+ memory OT-I T cells at the protein level by flow cytometry.
Cell surface expression of both IL-12Rb and IL-18Ra was significantly elevated as a result
of “Help” signals in dLN, spleen and blood (Figure 3B, C). To investigate the responsiveness
of steady-state memory CD8+ T cells to IL-12 and IL-18, OVA-specific CD8+ T cells were
isolated by flow cytometry and restimulated in vitro with a combination of IL-12 and IL-18
(Figure 3A). The proportion of the memory CD8+ T cell population that could produce IFNγ
and Granzyme-B upon combined stimulation with IL-12 and IL-18 was significantly higher in
the “helped” population as compared to the “non-helped” population, ranging to over 50%
for IFNγ and 20% for Granzyme-B in the spleen (Figure 3 D-G). This feature was characteristic
for memory CD8+ T cells, as only a very small proportion of naïve OVA-specific CD8+ T
cells isolated from non-vaccinated mice produced IFNγ and Granzyme-B upon cytokine
stimulation (Figure 3 D-G). The proportion of the memory OT-I T cell population that
produced IFNγ upon restimulation with OVA257-264 peptide (SIINFEKL) was also significantly
higher in the “helped” as compared to the “non-helped” population (Figure 3H). The capacity
of “helped” memory OT-I T cells in the spleen to make IFNγ after stimulation with cytokines
or specific antigen was comparable (50-60% response rate).
We also tested by vaccination in vivo whether “Help” optimized memory CD8+ T cells for
antigen-independent, “innate” responsiveness. For this purpose, mice that had received CD45.1+
OT-I T cells were first vaccinated with OVA-encoding “Help” or “No help” vaccine and after 50
days, they were vaccinated with HPV-E7-encoding “Help” vaccine, with the same helper epitope
cassette. In this setting, the CD4+ T-cell response is an antigen-specific memory response, which
should lead to DC activation, but the memory CD8+ T cells are potentially recalled in an antigenindependent manner. To test the role of IL-12, neutralizing anti-IL-12 mAb was injected upon
recall. At day 10 after secondary vaccination, IFNγ production by CD45.1+ OT-I T cells was analyzed
(Figure 3I). The frequency of memory OT-I T cells that produced IFNγ upon non-cognate recall
was significantly higher after “Help” as compared to “No help” vaccination (Figure 3J, K). Moreover,
treatment with neutralizing aIL-12 antibody significantly reduced IFNγ production by “helped”
OT-I T cells, while not affecting the response of “non-helped” cells (Figure 3J, K). In conclusion,
delivery of CD4+ T-cell help during priming resulted in upregulation of the IL-12 and IL-18
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Figure 3. CD4+ T cell help promotes IL-12- and IL-18-induced innate memory function of CD8 + T cells.
(A) Experimental set up. CD45.1+ OT-I T cells were adoptively transferred into CD45.2+ recipient mice
(n=5 per group) that 1 day later received OVA-encoding “Help” or “No help” pDNA vaccine. At day 100
after primary vaccination, CD45.1+ OT-I T cells were flow cytometrically isolated from spleen or dLN and
directly analyzed or incubated for 5 h with IL-12 and IL-18 or OVA peptide. Unvaccinated mice were
used to isolate naïve OT-I T cells. (B, C) Representative flow cytometric plots (left panels) and MFI for n=5
(right panels) for IL-12Rβ (B) or IL18Rα (C) expressed on CD45.1+ OT-I T cells in indicated organs. (D-H)
Frequencies of Granzyme-B-producing (D) or IFNγ-producing OT-I T cells in dLN (D) and spleen (E, F), as
determined by flow cytometry after in vitro stimulation with IL12+IL-18 (D-F) or OVA peptide SIINFEKL)
(H). (I) Experimental set up. CD45.1+ OT-I T cells were adoptively transferred into CD45.2+ recipient
mice (n=5 per group) that 1 day later received OVA-encoding “Help” or “No help” pDNA vaccine. At day
50 after primary vaccination, mice were rechallenged with E7-encoding “Help” vaccine and injected
with isotype control or neutralizing mAb to IL-12, 4 times, every 3 days. At day 10 after secondary
vaccination, total dLN and spleen cells were incubated for 5 h with GolgiPlug (no cytokines or antigens
were added). (J) Frequencies of IFNγ-producing CD45.1+ OT-I T cells isolated from indicated organs. (K)
Representative flow cytometric analysis of cells isolated from spleen. Data are from one experiment
representative of two experiments.
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receptors on memory CD8+ T cells. As a result, helped memory CD8+ T cells were able to produce
IFNγ and Granzyme-B upon stimulation by IL-12 and IL-18, in the absence of cognate antigen.

CD4+ T-cell help instills into CD8+ T cells intrinsic, antigen-specific memory
capabilities.

5

We next examined the ability of “helped” versus “non-helped” memory CD8+ T cells to respond
to antigen-specific recall. To examine the long-term effects of CD4+ T-cell help delivered
during priming, recall was done with the “No help” vaccine. Mice were only vaccinated
once, whilst they received three vaccinations during priming. Recall of “helped” CD8+ T
cells with “No help” vaccine only resulted in an E7-specific CD8+ T-cell response when an
additional “danger” signal was provided, here in the form of TLR4 ligand lipopolysaccharide
(LPS) (Figure 4A). This secondary response was comparable to the response observed after
rechallenge with “Help” vaccine (Figure S3). In contrast, injection of LPS during primary
vaccination did not improve the “No help” response (Figure 4B). Notably, when mice were
first treated with “No help” vaccine, provision of “Help” during rechallenge did not improve
the secondary E7-specific CD8+ T cell response (Figure S3). Thus, LPS treatment was required
and sufficient for an optimal antigen-specific secondary response of “helped” memory CD8+
T-cells in the absence of CD4+ T-cell help.
Figure 4. CD4+ T-cell help instills into CD8+ T cells intrinsic capacities for secondary expansion and
effector function. (A) Mice (n=5 per group) received “Help” vaccine on days 0, 3 and 6. On day 50, mice
were rechallenged once with “No help” vaccine, combined or not with i.p. injection of LPS. Depicted is
the percentage of H-2Db/E749-57 tetramer+ cells among total CD8+ T cells in blood at the indicated days
after the vaccination. (B) Mice (n=5 per group) received “No help” vaccine, combined or not with i.p.
injection of LPS and the primary E7-specific CD8+ T-cell response was followed in blood as outlined
for panel A. (C-E) Mice (n=7 per group) received “Help” or “No help” primary vaccination on days 0,
3 and 6 and were rechallenged once on day 50 with “No help” vaccine in combination with LPS. (C)
The secondary E7-specific CD8+ T cell response was followed in blood as outlined for panel A. (D, E)
On day 10, frequencies of Granzyme-B+ cells (D) and IFNγ+TNFα+ cells (E) within total CD8+ T cells were
determined by flow cytometry (n=3-4). (F, G) In an experiment set up as outlined in C-E, mice (n=3)
were injected i.v on day 10 after secondary vaccination with a 1:1 ratio of splenocytes that had been
loaded with E749-57 peptide or not and labelled with a low or high dose of the fluorescent dye Cell
Trace Violet (CTV), respectively. Naive recipient mice were used as control. After 15 h, the percentage
of specific in vivo killing was determined by flow cytometric analysis of splenocytes. (F) Representative
flow cytometry histograms of gated CTV+ cells. (G) Bar diagram quantitatively depicting all results. (H-J)
CD45.1+ donor mice received “Help” or “No help” vaccine. At day 100, E7-specific memory CD8+ T cells
were flow cytometrically isolated from the spleens and injected i.v. in equal numbers into CD45.2+
recipient mice (n=4 per group). One day later, recipient mice received “No help” vaccine and LPS. (H)
Experimental set up. (I) Representative flow cytometry plots indicating frequencies of CD45.1+ E7specific CD8+ T cells measured in blood at day 11 after vaccination. (J) Bar diagram depicting frequencies
of CD45.1+ E7-specific among total CD8+ T cells in blood at the indicated days after vaccination. (K) In an
experiment set up as outlined in C-E, E7-specific CD8+ T cells were isolated from spleen at day 10 after
secondary vaccination (n=3). To test cytotoxic function, they were incubated in vitro at a 1:1 ratio with
E749-57-peptide-loaded or non-loaded splenocytes and specific killing of target cells was analyzed 12 h
later. Data are from one experiment representative of two experiments.
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To examine the impact of “help” delivered during priming on the memory CD8+ T-cell
response, mice were primed with “Help” or “No help” vaccine and rechallenged with “No
help” vaccine and LPS. In this setting, mice primed with the “Help” vaccine had a significantly
higher secondary E7-specific CD8+ T-cell response than mice primed with “No help” vaccine
(Figure 4C). At the peak of the secondary response, the frequencies of CD8+ T cells expressing
Granzyme-B (Figure 4D), IFNγ and TNFα (Figure 4E) in blood and lymphoid organs were
significantly higher after priming with “Help” as compared to “No help” vaccine. Accordingly,
an in vivo cytotoxicity assay revealed that at the peak of the secondary response about 70%
of the injected E749-57 peptide-loaded target cells were killed in mice primed with the “Help”
vaccine, whereas less than 25% of the target cells were killed in mice primed with the “No
help” vaccine (Figure 4F, G).
The increased secondary CD8+ T-cell response in mice primed with “Help” vaccine could
result from higher frequencies of memory CD8+ T cells (as shown in Figure 1) and/or from
an improved cell-intrinsic capacity of memory CD8+ T cells to respond to rechallenge. To
discriminate these possibilities, we performed an adoptive transfer experiment. Memory
CD8+ T cells isolated from mice primed either with “Help” or “No help” vaccine were
transferred in equal numbers to naïve congenic hosts and rechallenged with “No help”
vaccine (Figure 4H). Memory CD8+ T cells isolated from mice primed in the presence of
“Help” expanded significantly more as compared to those primed in the absence of “Help”

5
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(Figure 4 I, J). Moreover, “helped” secondary CTLs could kill target cells in vitro more
efficiently than equal numbers of “non-helped” secondary CTLs (Figure 4K). Thus, CD4+ T-cell
help delivered during priming instills into memory CD8+ T cells cell-intrinsic capacities for
antigen-induced secondary expansion and display of cytotoxic effector function.

Gene expression profiling explains why “helped” memory CD8+ T cells can mount
“help” independent responses after recall

5

We have previously revealed the molecular program instilled into primary CTL effectors
by CD4+ T-cell help (19). Here, we examined which transcriptional program unfolded in
memory CD8+ T cells after rechallenge as a result of “help” delivered during priming. For
this purpose, E7-specific CD8+ T cells that had received “help” or not during priming were
isolated from spleen at day 10 after rechallenge with “No help” vaccine, mRNA was isolated,
subjected to deep sequencing and the results were mined by bioinformatics. Statistical
analysis of normalized transcript read counts indicated differential expression of 1699 genes
(Table S2, S3), 33% of which were also differentially expressed during the “helped” versus
“non-helped” primary CD8+ T-cell response (Figure 5A, B S4A). These 567 differentially
expressed genes (Table S2) were assigned to a variety of functional categories, predominantly
related to regulation of the immune response, such as leukocyte activation, proliferation
and adhesion (Figure 5C). Most of these genes (92%) were similarly up- or downregulated
as a result of “help” in both primary and secondary response (Figure 5D). Genes that were
upregulated as a result of “help” in both primary and secondary response included those

Figure 5. Transcriptomic analysis of the impact of “help” on the secondary CD8+ T cell response. (A)
Volcano plot depicting results of comparative transcriptome analysis of E7-specific CD8+ T cells that
had received “Help” or not during priming and were recalled with the “No help” vaccine. Cells were
isolated from spleens at day 10 after secondary vaccination (n=3 mice per group). Blue and red dots
indicate transcripts with significant differential expression between the two groups (FDR<0.1). (B) Venn
diagram indicating numbers of differentially expressed genes in the “Help” versus “No help” groups at
day 10 after primary or secondary vaccination in the spleen and the overlap in differentially expressed
genes in the primary and secondary response. (C) Enrichment map (BiNGO) classifying into functional
categories the 567 genes that were differentially expressed in the “Help” versus “No help” settings in
both primary and secondary responses. (D) Hierarchical clustering of the genes that were differentially
expressed in the “Help” versus “No help” groups after primary and secondary stimulation. (E, F) Fold
change in mRNA expression of the indicated genes in the “Help” versus “No help” setting of the primary
or secondary response. (G) Enrichment map (BiNGO) classifying into functional categories the 1132
genes that were differently expressed in “helped” versus “non-helped” CD8+ T cells after recall, but not
after primary vaccination. (H) Top enriched canonical pathways identified by IPA in the dataset depicted
in (G). Positive z-scores indicate upregulated pathways, and negative z-scores indicate downregulated
pathways. Intensity of the bar color indicates the significance, according to p-value. Numbers
indicate quantity of genes in the dataset belonging to each pathway, as listed in Table S4. (I) Ratio
between E7-specific CD8+ T cells with SLEC phenotype to total E7-specific CD8+ T cells as identified
by flow cytometry in spleen on day 10 after primary or secondary vaccination. Data are derived from
experiments described in Figures 1A and 4C. Data in I are from one experiment representative of
two experiments.
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encoding the transcription factor TBET (Tbx21), cytotoxic effector molecules (Ifng, Gzma,
Gzmb), TNF receptor family members (Tnfrsf8, Tnfrsf25), chemokine receptors (Cx3cr1, Cxcr2,
Cxc5) and cytokine receptors (Il12rb, Il18r1, Il2ra, Il6r). Moreover, a number of genes encoding
coinhibitory receptors (Pdcd1, Lag3, Btla, Cd200r) and transcription factors (Id3, Eomes, Tcf7,
Tox) were similarly downregulated on “helped” CTLs in primary and secondary responses
(Figure 5E, F; Table S2). Many differences in gene expression observed between “Help” and
“No help” conditions were more pronounced in the secondary response (Figure 5E, F). In
conclusion, CD8+ T cells that receive “help” during priming acquire the intrinsic ability to
adopt a “helped” gene expression program after recall.

5
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Recalled “helped” memory CD8+ T cells have unique features suggesting a short
life span and are enriched in short-lived effector cells

5

Many genes (1132) (Table S3) were only differentially expressed in “helped” versus “nonhelped” CD8+ T cells during the secondary response and not during the primary response.
These were assigned to a number of functional categories, featuring ‘regulation of translation’
and ‘ribosomal subunit assembly’ (Figure 5G). Helped secondary CTLs appeared to have
lower levels of protein translation, since EIF2 signaling was the top downregulated canonical
pathway identified by Ingenuity Pathway Analysis (IPA) (Figure 5H, Table S4). Furthermore,
helped secondary CTLs appeared more prone to apoptosis, as many downregulated molecules
in the dataset were assigned to functional category of ‘cell proliferation of T lymphocytes’,
while ‘apoptosis signaling’ was significantly upregulated (Figure 5H and S4B). Furthermore,
mTOR signaling that promotes cell survival, metabolism and translation in rapidly dividing
cells (25) was significantly downregulated. Also, PTEN signaling that attenuates PI-3 kinase
and mTOR signaling was significantly upregulated in ‘helped’ secondary CTLs. Moreover,
these cells appeared to be less dependent on survival-promoting costimulatory TNF receptor
signals (26), since CD27 and 4-1BB signaling pathways were significantly downregulated.
Other differentially regulated pathways included IL-1, interferon and AMPK signaling
(Figure 5H, Table S4).
These data suggested that during the secondary response, helped CD8+ T cells are
enriched in terminally differentiated effector cells. Indeed, the ratio of SLECs to total E7specific CD8+ T cells was significantly higher during the secondary, as compared to the primary
response (Figure 5I). Altogether, these data indicate that delivery of CD4+ T-cell help during
priming results in acquisition of an effector program by CTLs, that is maintained and reexpressed upon secondary antigenic challenge in the absence of “help”. Moreover, “helped”
CD8+ T cells are more enriched for short-lived effector cells after recall as compared to primary
challenge, as supported by a gene expression program that indicates downregulation
of protein translation and diverse survival signaling pathways and upregulation of
apoptosis signaling.

The epigenetic basis of the transcriptional “help” program that unfolds in
memory CD8+ T cells after rechallenge
Transcriptome analysis of “helped” and “non-helped” steady-state memory CD8+ T cells
revealed a limited number of differentially expressed genes (113) (Figure 2, Table S1).
However, after the mice were rechallenged with “No help” vaccine, we found dramatic
differences between “helped” and “non-helped” secondary CTLs (1699 genes) (Figure 5,
Tables S2, S3). Moreover, secondary CTLs displayed the “help” transcriptional program instilled
by CD4+ T cells during priming. We therefore hypothesized that CD4+ T-cell help delivered
during priming leads to epigenetic alterations in memory CD8+ T cells that make them
“help” independent during recall. To test this hypothesis, we characterized the epigenetic
states of “helped” and “non-helped” steady-state memory CD8+ T cells. To this end, E7specific memory CD8+ T cells were isolated from spleens of mice that had received “Help”
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or “No help” vaccination 100 days earlier (Figure 6A). Given the small numbers of memory
CD8+ T cells, we utilized an ultra-low-input micrococcal nuclease-based native chromatin
immunoprecipitation (ULI-NChIP) protocol (27). Chromatin was immunoprecipitated, using
antibodies against H3K4me3 and H3K27me3, followed by high throughput DNA sequencing
(ChIP-seq). The histone marks indicate permissive and repressed chromatin states favoring
and disfavoring gene transcription respectively (28).
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Figure 6. Epigenetic basis of “helped” memory CD8+ T cells. (A) Experimental set up. Mice (n=3 per
group) received “Help” or “No help” vaccine on days 0, 3 and 6. At day 100, E7-specific memory CD8+
T cells were isolated from the spleens and subjected to ChIPseq analysis with antibodies against
H3K4me3 and H3K27me3. (B) PCA plots depicting results of ChIPseq analysis. (C) Molecules differentially
modified by H3K4me3 in “helped” E7-specific memory CD8+ T cells, as assigned to functional categories
and annotated for subcellular localization by IPA. (D) Distribution of H3K4me3 at indicated genes in
“helped” and “non-helped” memory CD8+ T cells. (E) Protein expression of indicated molecules by E7specific CD8+ T cells isolated from spleens at day 10 after secondary vaccination, as determined by
flow cytometry.
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Differentially deposited permissive or repressive histone marks present at the steadystate memory phase are expected to result in enhanced expression of some genes and
repression of others after secondary challenge of memory CD8+ T cells. On average and
54662 H3K4me3 and 104758 H3K27me3 peaks (FDR<0.01) were identified in “helped” or
“non-helped” steady-state memory CD8+ T cell sample (Table S5). Principal component
analysis (PCA) showed that “helped” and “non-helped” memory CD8+ T cells had distinct
epigenetic profiles for both marks (Figure 6B). H3K4me3 deposition correlated positively
with differential mRNA expression in recalled “helped” versus “non-helped” secondary CTLs,
while H3K27me3 deposition negatively correlated with differential mRNA expression in
these populations (Figure S5A, B).
To identify genes “poised” for expression upon secondary challenge, we identified
consensus peaks that contained significant differences in the amount of H3K4me3 and
H3K27me3 deposition (referred to as differentially modified regions (DMRs)) between
“helped” or “non-helped” memory CD8+ T cells. DMRs were annotated to the nearest
transcriptional start sites (TSSs) and defined as having an FDR less than 0.05 (Figure S5C,
D). Genes that were significantly enriched in H3K4me3 marks in “helped” memory CD8+
T cells were assigned by IPA to the top functional categories (z-score > 2) ‘stimulation of
T lymphocytes’, ‘cytotoxicity’ and ‘activation of lymphocytes’ (Figure 6C). Genes that were
significantly enriched in H3K27me3 in “non-helped” memory CD8+ T cells were assigned by
IPA to the top functional categories (z-score > 2) ‘cell movement of lymphocytes’, ‘adhesion
of immune cells’ and ‘leukocyte migration’ (Figure S5E). Genes poised for expression in
helped memory CD8+ T cells and repressed in “non-helped memory CD8+ T cells included
many effector molecules (Gzmb, Ifng, Prf1), transcription factors (Tbx21, Foxo1, Prdm1, Zeb2),
chemokine receptors (Cxcr4, Cx3cr1), coinhibitory receptors (Ctla4, Havcr2 (=Tim3)) and
other immune-related genes (Klrg1, Sell) (Figure 6C, D and S5E). For some effector genes,
differential expression after secondary challenge was validated at the protein level (Figure
6E). Overall, delivery of CD4+ T-cell help during priming resulted in epigenetic changes in
memory CD8+ T cells that facilitate re-expression of genes instrumental in CTL differentiation
and function after recall in absence of “help” signals.

DISCUSSION
CTLs are the most effective weapon against pathogens or cancer cells that by nature can
mutate and escape from neutralizing antibodies. Knowledge of the signals required for raising
effective primary and memory CD8+ T-cell responses must be incorporated into the design
of preventive and therapeutic vaccines. An historical disconnect between the fields of
vaccinology and immunology has reportedly delayed the development of effective synthetic
T-cell inducing vaccines (29,30). Vaccinology currently focuses on incorporating innate DCactivating signals (pathogen- or danger-associated molecular patterns; PAMPs, DAMPs) into
such vaccines (30). However, helper epitopes must also be included (31). Moreover, it should
be ensured that both CTL- and helper epitopes reach the appropriate DCs (32).

140

CD4 + T CELL HELP FOR MEMORY CTL RESPONSE

Recent intravital imaging studies showed that CTL priming occurs in two steps: in the first
step of priming the naïve CD8+ T cell is activated by a (migratory) conventional (c)DC1 that has
been stimulated by innate signals (PAMPs/DAMPs, type I IFN). In the second step of priming,
the activated CD8+ T cell receives input for optimal CTL effector- and memory differentiation
from a lymph node-resident cDC1 that has been stimulated by a CD4+ T cell (16,17,33). CD4+
T cells support the generation of the CTL response by optimizing production of specific
cytokines and costimulatory molecules by DCs (14,18-20). Thus, vaccine design should make
sure that the vaccine constituents are delivered to and activate the appropriate DCs both by
innate stimuli and CD4+ T-cell help.
The consensus has been that primary CTL responses benefit from “help” only when
innate DC-activating signals are lacking (34). However, we have recently demonstrated
by transcriptome analysis that CD4+ T-cell help optimizes the quality of the primary CTL
response both after DNA vaccination and virus infection, by similar molecular mechanisms
(20). CD4+ T-cell help optimizes many intrinsic properties of the CTL, including its cytotoxic,
migratory and invasive capacities. We also recognized the second step of priming as a novel
“checkpoint” for CTL functionality, since CTLs raised in the absence of help proved to express
PD-1, BTLA and other coinhibitory molecules at the cell surface, which precluded their ability
to kill target cells (20).
Pioneering studies showed that CD4+ T-cell help during priming promotes formation
and maintenance of the memory CD8+ T-cell pool, but this was not specified to memory
T-cell subsets at the time (35,36). We show here that CD4+ T-cell help increased the frequency
of CD8+ MPECs. The generation of TEM cells was clearly “help” dependent and in the longterm, the size of the TEM cell pool remained larger in mice that had received CD4+ T-cell help
during priming as compared to those that had not. The generation of TCM cells was not “help”
dependent, but “helpless” TCM cells displayed deficient long-term survival. IL-15 receptor
signaling upregulates anti-apoptotic Bcl-2 proteins and has been implicated in the survival
of memory CD8+ T cells (37-40). Transcriptome analysis prompted our discovery that CD4+
T-cell help during priming leads to increased expression of the IL-15Rβ chain on steadystate CD8+ TCM cells, while not affecting its expression on TEM cells. Accordingly, IL-15 drove
the optimal maintenance of “helped” TCM cells, but not TEM cells, in agreement with earlier
findings (39). This result suggests that TEM cells rely on other “help”-dependent mechanisms
for their long-term survival. Transcriptome analysis revealed upregulation of mRNA
encoding TNFRSF1b (TNF receptor-2) and TNFRSF25 (DR3), which are candidate receptors
to additionally promote memory T-cell survival, since they can give anti-apoptotic signals
via the TRAF-linked NF-κB pathway (41,42). TRAF-3 has been implicated in memory CD8+
T-cell survival (43) and in support, we found mRNA encoding TRAF-3 interacting protein
upregulated in the transcriptome of “helped” memory CD8+ T cells. The transcriptome also
indicated upregulation of the Prdm1 gene in “helped” memory cells. This gene encodes
the transcription factor Blimp-1 that reportedly confers recall ability to memory CD8+ T cells
(44) and may specifically favor TEM cell maintenance and/or function (45). Furthermore, CD4+
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T-cell help increased frequencies of TRM cells in the skin, congruent with the finding that it
promotes establishment of a CD8+ TRM cell pool in the lung (46).
Memory CD8+ T cells are known to acquire functional properties characteristic of innate
immune cells, allowing them to protect against pathogens unrelated to the ones responsible
for priming (4). Apart from cognate antigen, cytokines (“alarmins”) that may be produced in
specific cellular niches during infection can activate memory CD8+ T cells (4). The memory
CD8+ T cells may then immediately proliferate and mount a defense that comprises IFNγ
as a key signal (4). In memory CD8+ T cells, a pool of presynthesized Ifng mRNA is available
that is freed for rapid translation into protein upon recall (49). A combination of IL-12 and
IL-18 was found to be particularly potent in inducing antigen-independent IFNγ production
by memory CD8+ T cells (24,47,48). We found that CD4+ T cell help during priming endows
memory CD8+ T cells with the ability for innate recall by non-cognate antigen or IL-12/
IL-18. “Help”-dependent upregulation of IL-12Rb and IL18Ra chains enabled memory CD8+
T cells to respond to these cytokines by IFNγ as well as Granzyme-B protein production.
As compared to their “non-helped” counterparts, “helped” steady-state memory CD8+ T
cells expressed high levels of Gzmb mRNA, but Granzyme-B protein was only differentially
expressed after recall. This finding suggests that Granzyme-B protein was made from
presynthesized mRNA. Likely, the “help” dependent upregulation of TNFRSF25 (DR3) is also
important for innate recall functions in memory CD8+ T cells, since DR3 ligand TL1A and IL12/
IL-18 can synergistically induce IFNγ production in human T cells (50).
Once “helped” during priming, memory CD8+ T cells no longer require “help” to undergo
secondary expansion upon recall with cognate antigen (35,36,51). In our vaccination
model, TLR stimulation with LPS was required to recall “helped” memory CD8+ T cells in an
antigen-specific manner. Likely, LPS promoted antigen presentation and/or other functions
of DCs that play a key role in initiating secondary T cell responses (52). “Helped” memory
CD8+ T cells were superior over their non-helped counterparts in secondary expansion and
cytotoxicity, due to cell-intrinsic mechanisms. The memory “programming” of CD8+ T cells by
CD4+ T-cell help has been described as a phenomenon years ago (12), but we reveal here for
the first time its molecular basis. While only a little over 100 transcripts were differentially
expressed between “helped” and “non-helped” memory CD8+ T cells at the steady-state,
over 1500 transcripts were differentially expressed after recall. It is known that steady-state
memory CD8+ T cells are more similar to naïve T cells on the transcriptional level, and to
effector CTLs on the epigenetic level (7). Epigenetic modifications allow for rapid expression
of certain so-called “poised” genes upon secondary challenge and silences other genes (9).
We found over 5500 DMRs that were unique for “helped” memory CD8+ T cells and there
was a significant correlation between the epigenetic modification of these genes and their
differentially transcription in “helped’ versus “non-helped” memory CD8+ T cells after recall.
Thus, CD4+ T cell help delivered during priming installs into MPECs specific epigenetic traits
that dictate gene expression after recall.
Consequently, the gene expression program displayed by “helped” memory CTLs after
recall in the absence of CD4+ T cell help greatly overlapped with that of “helped” primary
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CTLs. As for “helped” primary CTLs, we found that “helped” memory CTLs had in comparison
with “non-helped” CTLs differential expression of specific effector molecules, coinhibitory-,
chemokine- and cytokine receptors and transcription factors that make key contributions
CTL function, as demonstrated previously (20). Notably, the differences between helped
and non-helped CTLs were even more pronounced in secondary CTLs. Thus, CD8+ T cells
that have received “help” during priming acquire the intrinsic ability to adopt a “helped”
gene expression program after recall. We found that pathways related to CD27- and 4-1BB
(TNFRSF9, CD137) costimulation were downregulated in “helped” memory CD8+ T cells
after recall, supporting the concept that these cells are less dependent on the (CD4+ T cellinduced) costimulatory status of DCs. Our data argue that the “helped” memory CD8+ T cells
have a strong propensity to become short-lived effectors after recall, focused on displaying
an effector program, but not on having a prolonged life span.

5

METHODS
Mice
Gender-matched, 7-9 week-old mice were maintained under specific-pathogen free
conditions at the Netherlands Cancer Institute, in accordance with national guidelines as
approved by the institutional Experimental Animal Committee (DEC). C57BL/6JRj mice were
purchased from Janvier Laboratories. CD45.1+ and OT-I;CD45.1+ mice were bred in-house.

Vaccination
HELP-E7SH and E7SH DNA vaccines were generated as described (19,20). OVA DNA vaccines
were generated by the C-terminal addition of the OVA257-264 coding sequence to the HELP-E7SH
and E7SH DNA constructs. For DNA “tattoo” vaccination, the hair on a hind leg was removed
using depilating cream (Veet) on day –1. On days 0, 3, and 6, mice were anesthetized, and
15 μl of a 2 mg/ml DNA solution in 10 mM Tris-HCl, 1 mM EDTA, pH 8.0, was applied to
the hairless skin with a Permanent Make Up tattoo machine (Amiea, MT Derm GmbH), using
a sterile disposable 9-needle bar with a needle depth of 1 mm and oscillating at a frequency
of 100 Hz for 45 sec. For rechallenge (at day 50 after primary vaccination), the hair removal
step was repeated, and mice received a single DNA tattoo and an i.p. injection with 5 mg LPS
from E. coli 055:B5 (Sigma) in 100 ml Hank’s Buffered Salt Solution (HBSS) on the next day
(day 0, rechallenge).

Antibody treatments
Neutralizing mAb to IL-15 (GRW15PLZ, Thermo Fisher Scientific) was injected i.p as
described (53) at 5 mg per injection, 3 times per week from day 20 to day 50 after primary
vaccination. Neutralizing mAb to IL-12 p75 (R2-9A5, Bio X Cell) or isotype control mAb (LTF-2,
Bio X Cell) were injected i.p. at 500 mg per mouse in 100 ml HBSS on days 0, 3, 6 and 9.
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Tissue preparation and flow cytometry

5

Peripheral blood cells were obtained by tail bleeding; spleen, inguinal lymph nodes, and
bone marrow were passed through a 70mm cell strainer (BD Falcon). Skin samples were
mechanically chopped using a McIlwain tissue chopper (Mickle Laboratory Engineering
Co.), followed by enzymatic digestion in 2.5% collagenase II (Worthington Biochemical
Corporation) and 2.5% collagenase IV (Gibco) solution in HBSS for 15min. After erythrocyte
lysis, cell suspensions were washed and stained with relevant mAbs and phycoerythrinconjugated H-2Db/E749-57 or H-2Kb/OVA257-264 tetramers. For intracellular staining of
transcription factors, cells were fixed and permeablized with the Foxp3/transcription
factor staining buffer set (Thermo Fisher Scientific). Flow cytometry was performed using
the LSRFortessa (BD Biosciences) and data were analyzed with FlowJo software (Tree Star
Inc.). Live cells were selected based on near-infra red dye (Life Technologies) exclusion.
Antibody details are listed in Supplementary Table 4.

Isolation of antigen-specific CD8+ T cells
At day 50 or 100 after primary vaccination or at day 10 after secondary vaccination, mice
were sacrificed, spleens were isolated and passed through 70 μm cell strainer (BD Falcon).
After erythrocyte lysis, cell suspensions were washed, stained with anti-CD8a mAb (53-6.7,
eBioscience) and PE-conjugated H-2Db/E749-57 or H-2Kb/OVA257-264 tetramers and sorted
on a BD FACSAria Fusion cell sorter. Live cells were selected based on propidium iodide
exclusion. All samples were maintained at 4oC for the duration of the sort, and purity was at
95%-98% for all samples. Isolated cells were subsequently used for in vivo, in vitro, RNAseq
or ChIPseq assays.

In vivo cytotoxicity assay
Splenocytes from naive mice were labeled ex vivo with 0.1 μM carboxyfluorescein
succinimidyl ester (CFSE; Life Technologies) and pulsed with 5 mM E749-57 peptide (specific
target) or labeled with 1 mM CFSE and left unpulsed (control). Subsequently, 5 x 106 cells
of each population were injected retro-orbitally (r.o.) in the same recipient mouse, and 16
h later, spleens were analyzed by flow cytometry. Percent killing was calculated as follows:
100 – ([(% specific targets in vaccinated recipients/% control targets in vaccinated recipients)/
(% specific targets in control recipients/% control targets in control recipients)] x 100).

In vitro cytotoxicity assay
To create target cells, splenocytes from naïve mice were labeled with 0.1 μM CTV (Thermo
Fisher Scientific) and pulsed with 5 μM E749-57 peptide (specific target) or labeled with 1 μM
CFSE (Thermo Fisher Scientific) and left unpulsed (control target). Subsequently, 5000 ex vivo
isolated H-2Db/E749-57-specific CD8+ T cells were mixed with equal numbers of the two target
cell populations in 1:1 ratio and incubated at 37oC, 5% CO2 for 12 h. Cells were then analyzed
by flow cytometry. Percent killing was calculated as follows: 100 – ([(% specific targets /%
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control targets)/(% control targets in absence of effectors/% specific targets in absence of
effectors)] x 100).

Adoptive transfer experiments
E7-specific memory CD8+ T cells that had been flow cytometrically sorted ex vivo with MHC
tetramers were injected at 1 x 105 cells per mouse r.o. into naïve WT C57BL/6 mice. Naïve OT-I
CD8+ T cells that carry a transgenic Vα2/Vβ5 TCR specific for H-2Kb/OVA257-264 were purified to
93-95% homogeneity form spleens of OT-1;CD45.1+ mice with the CD8+ T-cell Isolation Kit
(Miltenyi Biotec) and injected r.o. into WT C57BL/6 mice at 1.5 x 105 cells per mouse. One day
later, mice received DNA vaccination, unless indicated otherwise.

5

In vitro restimulation assay
Prior to cytokine detection with the BD Cytofix/Cytoperm Kit (BD Biosciences), cells were
incubated for 16 h with or without E749-57 peptide (RAHYNIVTF) or for 5 h with 5 ng/ml
recombinant IL-12 p70 (Thermo Fisher Scientific) and 10 ng/ml IL-18 (MBL) in the presence
of GolgiPlug in IMDM with 8% FCS or GolgiPlug in medium alone.

RNA sequencing (RNAseq)
Flow cytometrically purified H-2Db/E749-57-specific CD8+ T cells, flow cytometrically isolated
from 3 mice per experimental group were resuspended in Trizol (Ambion Life Technologies)
and total RNA was extracted according to the manufacturer’s protocol. Quality and quantity
of the total RNA was assessed by the 2100 Bioanalyzer using a Nano chip (Agilent). Only RNA
samples having an RNA Integrity Number (RIN) > 8 were subjected to library generation.
Strand-specific cDNA libraries were generated using the TruSeq Stranded mRNA sample
preparation kit (Illumina) according to the manufacturer’s protocol. The libraries were
analyzed for size and quantity of cDNAs on a 2100 Bioanalyzer using a 7500 chip (Agilent),
diluted and pooled at 10 nM in mulitiplex sequencing pools. The libraries were sequenced as
50 base single reads in two lanes on a HiSeq2500 with V3 chemistry (Illumina).

Chromatin immunoprecipitation (ChIP) and ChIP sequencing (ChIPseq)
Between 6-9 x 104 E7-specific memory CD8+ T cells per sample were subjected to ULI-NChIP
procedure, as previously described (27). For each immunoprecipitation, 0.25 μg of aH3K4me3
mAb (#9272, Cell Singaling Technology), or 0.25 μg of aH3K27me3 mAb (C15410069,
Diagenode) was used. Input DNA for each sample was used as a control.

RNAseq analysis
Illumina adapter sequences were trimmed from Fastq files using trimmomatic (v. 0.36) with
4-base wide sliding window, to trim reads when the average quality per base drops below
15. Any reads remaining below ≤ 36 bases long were filtered out. Adapter-trimmed files were
aligned to GRCm38.77 with STAR (v. 2.5.3a). Using the genes (GRCm38.77.gtf ), HTSeq-count
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was used in intersection-strict mode for exon feature type to generate a count matrix for all
samples. Differential expression analysis was performed using Qlucore Omics Explorer (v. 3.4)
Genes with less than 5 reads in at least one of the samples were discarded. Mapping quality
threshold was set to 10. TNM normalization method was applied. Differential expression
with two-group comparison was considered significant at FDR<0.1. PCA was used to
visualize the data set in three-dimensional space, after filtering out variables with low overall
variance due to the impact of noise, and centering and scaling the remaining varables to
zero mean and unit variance. Enrichment maps were generated using the BiNGO plugin (v.
3.0.3) in Cytoscape (v. 3.4.0) with P- and Q-value cut-off of 0.001. Functional classification
of the genes and identification of enriched signaling pathways was performed using IPA
software (Qiagen).

ChIPseq analysis
Single-end fastq files were aligned to mm10 (GrCm38.77) using bwa (v. 0.7.17). Resulting
alignments were filtered for mapping quality > MQ20 using samtools (v. 1.5). Peak calling for
H3K27me3 ChIP-seq was performed using MACS2 (v. 2.1.1) with detection for broad peaks
using input for normalization. For H3K4me3 we performed narrow peak calling using MACS
(v. 2.1.1) with input normalization. For differential binding, we used the R package Diffbind
(v. 2.2.1) to determine differentially bound peaks found in all replicates for “No help” vs
“Help” with the EdgeR method. We annotated the bound regions using BEDTools (v. 2.17.0)
closestBed reporting the first feature against a file of genes and locations determined from
GRCm38.77 gtf file selecting for ‘gene_name’. To show correlation of ChIP-sequencing tags
versus mRNA expression, we merged the replicates for each cell type using samtools and
counted reads in the gene body including 1000 bp upstream from the TSS from the merged
alignments. Data were normalized by dividing by region size and library read count. For each
gene, normalized tags are shown versus average normalized gene expression values for “No
help” vs “Help” cell types of both ChIP-sequencing marks (H3K27me3 and H3K4me3). Table for
quality control metrics was produced with the R package ChIPQC for ChIP-seq experiments.
To generate PCA plots, reads were counted in 10kb bins across the genome for each sample
using deepTools (v. 2.5.7) multiBamSummary bins function. The binned counts were output
to a table and log transformed. PCA was carried out on these data using R function prcomp.
Density plots at a single region depict the coverage of basepairs surrounding the positions,
which is segmented into bins and smoothed using EaSeq default parameters.

Statistical analysis
Data was analyzed with GraphPad Prism software using unpaired two-tailed Student’s t
or on-way ANOVA test. Error bars in figures indicate SD. A P value < 0.05 was considered
statistically significant; *P < 0.05, **P <0.005, ***P < 0.001 and ****P < 0.0001.
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Data availability
RNAseq and ChIPseq data have been deposited in the GEO database under the accession
code: GSE118160. All other data supporting findings in this study are available from
the corresponding author upon request.
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SUPPLEMENTAL DATA

5
Figure S1. Related to Figure 1. Mice (n=5 per group) received “Help” or “No help” vaccine on day 0, 3
and 6. The plot depicts frequencies of E7-specific memory CD8+ T cells of TEM and TCM phenotype in bone
marrow at day 50 (A) and 120 (B) after primary vaccination.

Figure S2. Related to Figure 2. CD45.1+ OT-I T cells were adoptively transferred into CD45.2+ recipient
mice (n=5 per group) that 1 day later received OVA-encoding “Help” or “No help” pDNA vaccine. Depicted
is the percentage of H-2Kb/OVA257-264 tetramer+ cells among total CD8+ T cells in blood at the indicated
days after the vaccination.
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5

Figure S3. Related to Figure 4. Mice (n=4 per group) received “Help” or “No help” vaccine on day
0, 3 and 6. On day 50, mice were rechallenged once with “Help” or “No help” vaccine. Depicted is
the percentage of H-2Db/E749-57 tetramer+ cells among total CD8+ T cells in blood at the indicated days
after the secondary vaccination.
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Figure S4. Related to Figure 5. (A) PCA plot depicting results of transcriptome analysis described in
Figure 2 and Figure 5. (B) Molecules differentially expressed in ‘helped’ secondary E7-specific CTLs, as
assigned to functional categories and annotated for subcellular localization by IPA.
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5

Figure S5. Related to Figure 6. (A-B) Correlation between differential mRNA expression in “helped”
versus “non-helped” secondary effector CD8+ T cells (significant FDR<0.05) and histone methylation
in gene bodies and regions maximally 1 kb upstream from the TSS. Normalized tags of H3K4me3 and
H3K27me3 are shown versus average normalized mRNA expression values in “helped” or “non-helped”
secondary effector CD8+ T cells (described in Figure 5). (C, D) Volcano plots depicting differentially
modified regions (DMRs). Blue and red dots indicate DMRs with significant differential modifications
(FDR<0.05). (E) Molecules differentially modified by H3K27me3 in helped memory E7-specific CD8+ T
cells, as assigned to functional categories and annotated for subcellular localization by IPA.
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Table S1 can be accessed under following link: https://bit.ly/2MoHB0U
Table S2 can be accessed under following link: https://bit.ly/2vX4EFX
Table S3 can be accessed under following link: https://bit.ly/2Bu79Vq
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32,7

12,3

6,87
4,45
4,31
3,98
3,86
3,26
2,45
0,689
2,24

EIF2 Signaling

mTOR Signaling

Apoptosis Signaling

PTEN Signaling

PKCθ Signaling in T Lymphocytes

NF-κB Signaling

CD27 Signaling in Lymphocytes
4-1BB Signaling in T Lymphocytes
IL-1 Signaling
AMPK Signaling

Interferon Signaling

0,167

0,189
0,219
0,12
0,060

0,116

0,126

0,143

0,2

0,184

0,29

-log(p-value) Ratio

Ingenuity Canonical Pathways

-2,449

-3
-2,449
-2,53
1,155

-2,4

-2,065

1,5

1

-1,291

-5,555

RPL11, PIK3R1, RPS23, RPLP2, RPL35A, RPS7, MYC, RPL13, RPS13, PIK3CG, RPL21,
RPL19, IRS2, RPL36AL, RPL3, RPS8, RPL12, RPL37A, RPL10A, RPL9, RPS6, RPL8, RPS15A,
RPL13A, RPL41, Rpl36a, RPL26, RPL7A, RPL7, RPS28, RPL27A, RPL35, RPL18A, RPS9,
IGF1R, RPS3, RPS5, RPL18, RPL31, RPS19, RPL4, EIF3H, GRB2, RPL17, RPL30, RPS10,
RPS21, RPL23, RPS29, FAU, RPL27, EIF3F, RPS15, RPS4Y1, RRAS2, RPS16, RPS26, RPS27A,
RPL5, PIK3CB, RPL37, RPS14, RPLP0, RPL38
PIK3R1, RPS23, RPS6KA3, RHOH, RPS28, RPS7, RPS13, PIK3CG, RPS9, PRKAA1, IRS2,
RPS3, RPS5, PRKD3, EIF4B, RPS19, EIF3H, GRB2, RPS8, RPS10, RPS21, RPS29, FAU, RPS6,
RPS15, EIF3F, RPS4Y1, RPS16, PRKCI, RRAS2, RPS26, RPS27A, RPS15A, PIK3CB, PRKCH,
RPS14, PRKCB
TP53, NAIP, MAP3K14, MAP2K7, Naip1 (includes others), NFKBIE, IKBKE, NFKB2, NFKB1,
IKBKB, RRAS2, CASP9, DFFB, SPTAN1, BIRC3, MAP4K4, BCL2L11, BIRC2
ITGB1, TGFBR1, GRB2, PIK3R1, IKBKE, NFKB2, NFKB1, INPP5D, DDR1, IKBKB, RRAS2,
CASP9, INPP5F, PIK3CG, IGF1R, PIK3CB, BCL2L11
CD247, MAP3K9, MAP3K14, HLA-DOA, GRB2, PIK3R1, NFKBIE, IKBKE, NFKB2, PPP3CC,
NFKB1, CD3D, IKBKB, RRAS2, CD80, PIK3CG, NFATC2, IRS2, PIK3CB, CACNA2D4
MAP3K14, MAP2K7, TGFBR1, GRB2, PIK3R1, NFKBIE, NFKB2, NFKB1, DDR1, IRAK1,
IKBKB, TNIP1, RRAS2, PIK3CG, PELI1, IGF1R, PIK3CB, IRS2, TRAF5, MAP4K4, PRKCB
MAP3K9, IKBKB, MAP3K14, MAP2K7, CASP9, NFKBIE, IKBKE, TRAF5, NFKB2, NFKB1
IKBKB, MAP3K14, TNFRSF9, NFKBIE, IKBKE, NFKB2, NFKB1
IKBKB, MAP3K14, MAP2K7, GNAS, NFKBIE, RACK1, PRKAR2A, IKBKE, NFKB2, NFKB1, IRAK1
SRC, GNAS, RAB2A, GRB2, PIK3R1, PRKAR2A, GYS1, TBC1D1, PIK3CG, PRKAA1, RAB11A,
IRS2, PIK3CB
OAS1, PTPN2, IFNγR2, STAT2, TAP1, ISG15

z-score Molecules

Table S4. All genes belonging to top enriched canonical pathways identified by IPA as depicted in Figure 6D.
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Tissue

MM10
MM10
MM10
MM10
MM10
MM10
MM10
MM10
MM10
MM10
MM10
MM10

Sample

NH1_H3K4me3
NH2_H3K4me3
NH3_H3K4me3
H1_H3K4me3
H2_H3K4me3
H3_H3K4me3
NH1_H3K27me3
NH2_H3K27me3
NH3_H3K27me3
H1_H3K27me3
H2_H3K27me3
H3_H3K27me3

H3K4me3
H3K4me3
H3K4me3
H3K4me3
H3K4me3
H3K4me3
H3K27me3
H3K27me3
H3K27me3
H3K27me3
H3K27me3
H3K27me3

Factor
no_help
no_help
no_help
help
help
help
no_help
no_help
no_help
help
help
help

Treatment
1
2
3
1
2
3
1
2
3
1
2
3

Replicate
56604
56951
57167
59416
43847
53987
61456
135261
146833
102898
76976
105122

Peaks
1381377
1365344
1245361
1473058
1442147
1633685
1526509
1517810
1653020
1688909
1514747
1631541

Reads
0
0
0
0
0
0
0
0
0
0
0
0

Dup%
65
65
65
65
65
65
65
65
65
65
65
65

ReadL
137
137
137
136
137
137
148
137
137
148
149
148

FragL
1,44
1,44
1,37
1,56
1,42
1,51
1,3
1,48
1,35
1,31
1,29
1,33

RelCC
1,58
1,66
1,47
1,37
0,983
1,36
0,826
0,861
0,868
0,859
0,776
0,85

SSD

29,2
33,1
30
23
13
20,1
13,4
32,1
35,6
24,1
15,4
24,2

RiP%

Table S5 . Summary of quality control metrics of ChIPseq experiment described in Figure 6. Peaks = number of peaks called in the sample, Reads = reads
in the library, Dup% = number of duplicate reads, ReadL = read length, FragL = fragment length, RelCC = relative cross-coverage score, SSD = squared sum of
deviations, RiP% = percent reads in peaks.
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Table S6. Details of antibodies used for flow cytometric analysis.
Antibody

Source

Catalogue #

CD103 (clone:E27)
CD127 (clone: A7R34)
CD44 (clone: IM7)
CD45.1 (clone: A20)
CD45.1 (clone: A20)
CD45.2 (clone: 104)
CD62L (clone: MEL-14)
CD8 (clone: 53-6.7)
CD8 (clone: 53-6.7)
GZMB (clone: CLB-GB11)
IFNγ (clone: XMG1.2)
IL-12Rb
IL-15Rb (clone: TM-b1)
IL-18Ra (clone: P4TUNYA)
KLRG1 (clone: 2F1)
PRF1 (clone:eBioOMAK-D)
T-BET (clone: eBio4B10)
TNF (clone: TN3-19.12)

eBioscience
eBioscience
eBioscience
eBioscience
eBioscience
BioLegend
BD Pharmigen
eBioscience
BD Pharmigen
Enzo Life Sciences
BD Pharmigen
R&D Systems
BioLegend
eBioscience
BioLegend
eBioscience
eBioscience
BD Pharmigen

46-1031-82
17-1271-82
25-0441-82
12-0453-82
17-0453-81
56-0621-82
56-0621-82
48-0081-82
560776
M2289
562018
FAB1998F
123207
46-5183-82
138416
17-9392-80
25-5825-80
559503
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Cancer immunotherapy aims to promote the activity of cytotoxic T lymphocytes (CTLs)
within a tumour, assist the priming of tumour-specific CTLs in lymphoid organs and establish
efficient and durable antitumour immunity. During priming, help signals are relayed from
CD4+ T cells to CD8+ T cells by specific dendritic cells (DCs) to optimize the magnitude and
quality of the CTL antitumour response. In this Review, we highlight the cellular dynamics
and membrane receptors that mediate CD4+ T cell help and the molecular mechanisms
of the enhanced antitumour activity of CTLs. We outline how deficient CD4+ T cell help
reduces the antitumour response of CTLs and how maximizing CD4+ T cell help can improve
outcomes in cancer immunotherapy strategies.

CD4 + T CELL HELP IN CANCER IMMUNOLOGY

INTRODUCTION
Immunotherapy is rapidly becoming a standard treatment modality in cancer, alongside
surgery, radiotherapy and chemotherapy. Cancer immunotherapy aims to promote tumourspecific T cell responses. Tumours are inherently not very immunogenic and the tumour
microenvironment (TME) suppresses the activity of tumour-specific T cells that might arise
(Box 1). CD8+ cytotoxic T lymphocytes (CTLs) are the preferred tool to target tumours, as they
detect intracellular antigens that are presented by MHC class I molecules expressed by all
tumour cell types. However, as discussed below, CD4+ T cells are also required for efficacious
antitumour immunity.
Ideally, cancer immunotherapy initiates and supports a durable antitumour response
by T cells that is sustained by the release of antigens from dying cancer cells, which are
presented to naïve T cells in secondary lymphoid organs (1,2). Tumour-specific T cell priming
can be supported by therapeutic vaccination and/or antibody-based immunomodulation.
An appropriate therapeutic intervention might lead to priming of new tumour-specific
CTLs, which potentially broadens the range of antigens that are recognized and thereby
makes tumour escape less likely. Furthermore, the therapeutic intervention should endow
the newly primed tumour-specific CTLs with optimal effector and memory capabilities.
Therapeutic support of T cell priming is warranted, as the inherent vaccine potential of most
cancers is limited because of central and peripheral tolerance (Box 1).
Immune checkpoint inhibition using antibodies that block the T cell coinhibitory receptors
CTL-associated antigen 4 (CTLA4) and programmed death 1 (PD1) promotes antitumour
CTL responses in patients by distinct, complementary mechanisms that have not been
fully elucidated. In studies in mice, both interventions can overcome negative regulation
of T cell priming and effector T cell activity (Box 2). Although blockade of CTLA4 and/or
PD1 may promote antitumour immunity, these interventions can also trigger autoimmune
responses, as self-antigen-specific T cells may be primed or activated in peripheral tissues.
CD4+ helper T cells promote priming and effector and memory functions of CTLs and help
CTLs to overcome negative regulation, which provides an opportunity to amplify the T cell
response against tumour-associated antigens without deleterious autoimmunity.
CD4+ T cells can target tumour cells in various ways, either directly by eliminating tumour
cells through cytolytic mechanisms or indirectly by modulating the TME (3,4). Furthermore,
in secondary lymphoid organs, CD4+ T cells increase the magnitude and quality of B cell
and CTL responses (5,6). Help for the CTL response (5-7) is delivered in a newly recognized
second T cell-priming step (8-10), in which a CD4+ T cell and a CD8+ T cell both recognize
their respective antigens on the same dendritic cell (DC). Antigen-specific contact with
the CD4+ T cell enables the DC to optimize antigen presentation and to deliver specific
costimulatory and cytokine signals to the CD8+ T cell that promote its clonal expansion and
its differentiation into an effector or memory T cell (11). CD4+ T cell help initiates a gene
expression programme in CD8+ T cells that enhances CTL function by multiple molecular
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Box 1. Obstacles and opportunities in cancer immunotherapy. The major obstacles in
antitumour immunity are central tolerance (that is, deletion of tumour-reactive T cells during
T cell development in the thymus), peripheral tolerance (that is, a lack of DC activation by
the tumour and resultant T cell anergy or the generation of regulatory T (Treg) cells) and
tumour-associated immune suppression. ‘Active’ immunotherapy aims to elicit an endogenous
cytotoxic T lymphocyte (CTL) response in patients using therapeutic vaccination and/or
immunomodulatory antibodies. Currently approved blocking antibodies against the CTLassociated antigen 4 (CTLA4) and programmed death 1 (PD1)–PD1 ligand 1 (PDL1) T cell
immune checkpoint pathways can promote T cell priming and/or activate pre-existing T
cells in the tumour1. Radiotherapy and conventional chemotherapy can induce the release
of tumour antigens and danger signals and thus promote T cell priming, and potentially
modulate the tumour micro-environment to overcome immune suppression. Consequently,
the combination of radiotherapy or chemotherapy and immunotherapy is actively pursued
clinically133. Passive immunotherapies use ex vivo-expanded TILs131 or peripheral blood T cells
that are genetically engineered to express a tumour-specific T cell receptor (TCR) or chimeric
antigen receptor (CAR)129,130. Given central tolerance, cancers carrying foreign antigens, such
as virus-derived proteins, and those with a high mutation rate that consequently present neoantigens, are most eligible for immunotherapy. However, tumours might also present other
known and unknown antigens to which central tolerance is incomplete; for example, many
patients with cancer have a T cell repertoire targeting the cancer–testis antigen NY-ESO-1,
which can be stimulated by vaccination1,107. Overcoming tumour-associated immune
suppression in immunogenic cancers could initiate CTL-based destruction of tumour cells and
the release of antigens. To establish effective antitumour immunity, it is essential to overcome
peripheral tolerance by rational immune intervention1,2. In non-immunogenic cancers, the first
aim is to prime a T helper cell and CTL response to the tumour. The second aim is to overcome
tumour-associated immune suppression. With these guidelines, rational development of
immunotherapeutic strategies that uses insights into the cellular and molecular basis of
the CTL response is possible.

mechanisms, enabling CTLs to overcome the obstacles that typically hamper antitumour
immunity (12) (Box 1).
In this Review, we describe the cell–cell interactions and cell surface receptors that are
essential for the delivery of CD4+ T cell help to CTLs to enhance their antitumour responses.
We also highlight the molecular mechanisms of help that are ‘installed’ in CTLs to optimize
their antitumour activity. We outline how CD4+ T cell help fully equips CTLs to target and
eliminate tumour cells and how this help can be harnessed to improve outcomes in all
cancer immunotherapy strategies.

DCS AND CD4+ T CELL HELP FOR CTLS
CD4+ T cells were first demonstrated to enhance (“help”) the B cell response, and later they
were shown to also help the CTL response (reviewed elsewhere (5)). In this section, we
introduce the role of DCs in the delivery of CD4+ T cell help and discuss the conditions in
which help might be required to shape the responses of effector and memory CTLs.
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Box 2. Mechanism of action of antibody-based inhibition of PD-1 and CTLA4 function
in cancer immunotherapy. The aim of using immunomodulatory antibodies in cancer
immunotherapy is to reactivate preexisting tumour-specific CTLs and/or to induce priming of
naïve tumour-specific CD8+ T cells. The monoclonal antibodies that are currently successful in
the clinic do this by blocking the interaction of the T cell co-inhibitory receptors cytotoxic T
lymphocyte-associated antigen 4 (CTLA4) and programmed death 1 (PD1) with their ligands.
CTLA4 on T cells inhibits CD28 costimulation by binding to CD80 or CD86 and thereby
downregulates these ligands. CTLA4 carries out this function on conventional (effector)
T cells and on regulatory T (Treg) cells. CTLA4 on Treg cells is a key checkpoint for the priming
of autoreactive T cells. The PD1–PDL1 axis negatively regulates T cell priming and effector T
cell function. PD1 signalling inhibits T cell receptor (TCR) signalling and preferentially CD28
signalling via its associated tyrosine phosphatase activity73. At present, two antibodies
against CTLA4 (ipilimumab and tremelimumab), two antibodies against PD1 (nivolumab and
pembrolizumab) and three antibodies against PDL1 (durvalumab, avelumab and atezolizumab)
are use in cancer treatment.
Ipilimumab was the first immunomodulatory mAb to be approved by the US Federal
Drug Administration (FDA), for the treatment of patients with unresectable or metastatic
melanoma134. In 2013, there was a breakthrough in cancer immunotherapy with the finding
that combined treatment with ipilimumab and nivolumab was synergistic in patients with
stage IV melanoma135, suggesting that the mechanisms of action of these two blocking
antibodies are distinct and complementary. Treatment with anti-CTLA4 antibodies broadened
the repertoire of melanoma-reactive CD8+ T cells, suggesting that CTLA4 blockade induces
priming of new T cell responses against the tumour136. TCR repertoire broadening could be
a predictive biomarker for treatment response137. Blocking PD1 or its ligand PDL1 seems
to primarily overcome suppression of pre-existing tumour-specific CTLs99. In the tumour
microenvironment, these antibodies induce the proliferation of CTLs with an exhausted
phenotype, while CTLA4 blockade additionally induces the expansion of a subset of effector
CD4+ T cells138, indicating another mechanism of complementarity. Elucidating the mechanisms
of action of these antibodies in patients with cancer requires further study.

6

Dendritic cells relay CD4+ T cell help signals to CTLs
Studies in mice originally showed that CD4+ T cells promote CTL priming against both major
and minor histocompatibility antigens (13-17). The epitopes recognized by CD4+ T cells
and CD8+ T cells had to be linked for optimal effect, suggesting that the same cell presents
the epitopes to the two T cell types (17). Antigens derived from endocytosed proteins are
presented by MHC class II molecules, although some DCs can efficiently present endocytosed
antigens on MHC class I molecules, a process termed antigen cross-presentation (18). CD4+
T cell help was found to be essential for CTL priming by cross-presented antigen (19-21).
CTL responses to cancer and vaccines generally rely on antigen cross-presentation, as cell
fragments and large proteins must be endocytosed before they can be loaded on MHC
class I molecules (18). Accordingly, the generation of a protective CTL response against an
MHC class II-negative tumour was found to require CD4+ T cell help (22), as confirmed in
subsequent studies (5). IIn the context of cross-presentation, antibody-based stimulation of
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CD40 (also known as TNFRSF5) on DCs removed the requirement for CD4+ T cell help to elicit
CTL responses (23). This finding established that DCs deliver CD4+ T cell-derived help signals
to CD8+ T cells and that a large part of the help signal originates from CD40 ligand (CD40L;
also known as TNFSF5) on the activated CD4+ T cell stimulating CD40 on the DC. At that time,
CD40 signalling was already known to increase the antigen-presenting and costimulatory
capacity of DCs (24).
Studies of therapeutic antitumour vaccines also confirmed the requirement for CD4+ T
cell help; vaccination of mice with short, MHC class I-binding peptides induced CD8+ T cell
tolerance, whereas additional infusion of an agonist antibody against CD40 led to CTL-based
antitumour immunity (25). Furthermore, vaccination with DCs loaded with a short, MHC class
I-binding peptide did not lead to CTL priming, unless the DCs were first stimulated in vitro
with a CD40 agonist or with antigen-specific CD4+ T cells (26). Therapeutic vaccination with
long peptides that include both MHC class I and class II epitopes was subsequently shown to
overcome tolerance and to induce effective CTL-based antitumour immunity (27,28).

The effect of CD4+ T cell help on CTL function
Early studies showing the contribution of CD4+ T cell help to the primary CTL response
used cytotoxicity assays (13-17, 19-22). Later, MHC tetramer staining enabled researchers to
demonstrate that CD4+ T cell help promotes the clonal expansion of antigen-specific CD8+
T cells and their cell-intrinsic ability to produce IFNγ (29). Furthermore, memory CTLs that
were primed in the absence of CD4+ T cell help proved to have a cell-intrinsic deficiency
in secondary expansion (30-32). Thus, CD4+ T cell help was shown to improve the clonal
expansion of CTLs and their differentiation into effector and memory CTLs.

Contribution of CD4+ T cell help versus innate signals to CTL responses
Besides CD4+ T cell help signals, DCs can also be activated by innate signals, which include
pathogen-associated molecular patterns (PAMPs), danger-associated molecular patterns
(DAMPs) and pro-inflammatory cytokines, such as type I IFN. Three models have been
proposed to explain the contribution of help versus innate signals to the priming of CTLs
(Figure 1).
In mice, help is required for the priming of CTLs after immunization with cancer cells,
or with any vaccine that does not contain PAMPs (5-7). After infection, however, CD4+ T cell
help is often seemingly not required for the generation of a primary CTL response (7,33).
Based on these observations, CD4+ T cell help was proposed to act as a back-up system
for DC activation when innate DC-activating signals are absent (5), which is referred to as
the redundancy model. In this model, innate signals and help signals from antigen-specific
CD4+ T cells are equivalent, alternative modes of DC activation in CTL priming (Figure 1).
However, as the generation of memory CTL responses is completely dependent on CD4+ T cell
help, including after infection (5-7), this model is most likely not correct. In the amplification
model (7), help signals from antigen-specific CD4+ T cells amplify the innate signals received
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Figure 1. Models of the contribution of CD4+ T cell help and innate signals to DC functions and
CD8+ T cell priming. a | In the redundancy model, innate stimuli and CD4+ T cell help are equivalent.
Although they provide alternative modes of dendritic cell (DC) activation, the resulting output signal
and, consequently, the effect on CTL priming is similar. The differentiation state of effector CTLs and
memory CTLs is influenced equally by both of these stimuli. b | In the amplification model, CD4+ T
cell help that is delivered in the second step of CTL priming amplifies the signal from innate stimuli
to the DC. In addition, the differentiation of effector CTLs or memory CTLs is initiated in the first
step of priming and the second step further promotes differentiation in the chosen direction. c | In
the complementarity model, CD4+ T cell help and innate stimuli deliver distinct signals to DCs that
each influence effector and memory differentiation pathways in a unique way and thereby dictate
the strength of the effector and memory CTL responses. Consequently, innate immune signals cannot
replace CD4+ T cell help to ensure optimal CTL quality.

6

by DCs (Figure 1), and thereby increase the output of specific cytokine and/or costimulatory
signals from the DC; for example, type I IFN and specific PAMPs might together induce
the production of either IL-12 or IL-15 by the DC and the help signal amplifies this interleukin
production, leading to optimal CTL priming. In the complementarity model, CD4+ T cell help
signals produce a DC output that is distinct from that of innate signals, endowing CTLs with
unique qualities as a result of the combined stimulation (Figure 1). This model has the most
experimental support, as the differentiation of memory CTLs requires input from DCs that
have been activated by CD4+ T cells and innate signals alone do not suffice (5-7). In addition,
gene expression analysis indicates that CD4+ T cell help enhances the differentiation of
effector CTLs after infection in much the same way as it does after vaccination (12). This
contribution of help to CTL quality after infection had not previously been examined at
this resolution and therefore was not detected. These data strongly suggest that CD4+ T cell
help is usually delivered in all physiological conditions and makes unique contributions to
the CTL response.

TWO-STEP PRIMING OF CD8+ T CELLS
The timing and location of CD4+ T cell help to CD8+ T cells has been a long-standing question
(6). Intravital imaging resolved that CTL priming occurs in two steps and that help is delivered
in the second step of priming.
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CD8+ T cells reportedly can undergo clonal expansion and CTL differentiation autonomously
in vivo after they have been activated in vitro for only a few hours (34,35). Is such a short
activation time indeed sufficient to transmit appropriate signals for the formation of
functional CTLs, and is help then delivered to the CD8+ T cell immediately upon its activation?
Imaging in vivo revealed that after infection or immunization, CD4+ T cells and CD8+ T cells
first encounter antigen independent of each other on different types of conventional DCs
(cDCs), the details of which are context-dependent. This first priming step occurs for CD4+ T
cells and CD8+ T cells in different areas of the lymph node or spleen (7,36,37) (Figure 2) and
in a non-synchronous manner (9,10). Next, in a second priming step, CD4+ T cells and CD8+ T
cells interact with the same lymph node-resident cDC1 and the help signal is delivered (8,9).
The cDC1 lineage includes migratory cDC1s and lymph node-resident cDC1s, which express
chemokine XC receptor 1 (XCR1) and have optimal antigen cross-presentation capacity (38).
For the second priming step to occur, antigens and antigen-specific CD4+ T cells and
CD8+ T cells must interact with the same cDC1. In the virus infection model, CD8+ T cells that
have completed the first priming step (mediated by an infected or migratory cDC1) were
shown to produce XCL1 and thereby recruit uninfected, lymph node-resident XCR1+ cDC1s
towards this DC (39). Subsequently, antigens are likely transferred from the initial (dying)
migratory cDC1 to the lymph-node-resident cDC1, in apoptotic bodies that are endocytosed
by the lymph-node-resident cDC1, which then cross-present the antigens (Figure 2).
Elimination of cDC1s in mice inhibits the formation of memory CTLs (8). Overall, the available
data support a model of CD4+ T cell help in which previously activated, and not naïve CD8+ T
cells are the recipients of help. Whether antigen-specific CD4+ T cells also receive signals for
differentiation into effector or memory T cells in the second step of priming from the same
cDC1 is unknown, although evidence for this exists (40).

Integration of DC signals and CTL fate
In the two-step priming model, the differentiation of CD8+ T cells into effector CTLs or
memory CTLs and the extent of their clonal expansion results from the integrated signals
that the CD8+ T cell receives from DCs in the two priming steps (Figure 1). In the first priming

Figure 2. Cellular interactions in the priming of cytotoxic T lymphocytes. In mouse models of
infection, CD4+ T cells and CD8+ T cells are activated by different populations of dendritic cells (DCs),
often asynchronously (top). CD8+ T cells are initially activated by infected cDC in the context of viral
infections or cross-presenting migratory conventional type 1 DCs (cDC1s) in the context of cancer or
vaccines. Next, activated CD8+ T cells then produce XC-chemokine ligand 1 (XCL1) that recruits lymph
node-resident XC-chemokine receptor 1-positive (XCR1+) cDC1s into a prime position to receive crosspresented antigen from the cDC that carried out the first step of priming (middle). Finally, the lymph
node-resident cDC1s migrate into the deeper paracortical area of the lymph node, where they engage
in cognate interaction with pre-activated CD4+ T cells. This interaction optimizes the cDC1s to relay
signals for the differentiation of effector CTLs and memory CTLs to pre-activated CD8+ T cells that
recognize antigen on the same cDC1 (bottom).
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step, PAMPs, DAMPs and pro-inflammatory cytokines most likely dictate the activation state
of the relevant DCs. These innate signals may drain to lymph nodes and stimulate DCs that
reside there. In addition, they may stimulate migratory DCs in the peripheral tissue that
subsequently move to the lymph node. In the second step of CTL priming, the CD4+ T cell
modulates the state of the DC in deeper paracortical areas of the lymph node (8,9), in which
innate DC activation signals are likely less abundant (41,42).

MOLECULAR NATURE OF HELP SIGNALS

6

CD4+ T cell help largely dictates the quality of the CTL response during priming, so an
opportunity exists to provide these help signals as part of cancer immunotherapy to
optimize CTL responses. Signals for the clonal expansion and differentiation of effector and
memory CTLs are delivered by the TCR, costimulatory receptors and cytokine receptors43. We
here review which costimulatory (44,45) and cytokine (46) signals are proven or suspected
to shape the CTL response in the first and second step of priming (Figure 3).

Cytokine signals
Type I IFN is an innate signal that is typically produced by PAMP or DAMP-activated cDCs,
plasmacytoid DCs and macrophages (41,47), whereas IL-12 is typically produced by CD40stimulated DCs (48). CD8+ T cells activated in vitro by TCR–CD28 signals in the absence
of cytokines had reduced clonal expansion in vivo and did not acquire strong effector or
memory functions (49), whereas the addition of IL-12 or type I IFN promoted their long-term
survival as well as their differentiation into effector and memory CTLs (50). Both cytokines
upregulated the expression of master transcriptional regulators of CTL differentiation as well
as cytolytic effector molecules, costimulatory tumour necrosis factor (TNF) receptors and
other molecules that are implicated in CTL survival and function. Thus, IL-12 and type I IFN
make a key, partially redundant contribution to the quantity and quality of the CTL response
(50). DC-derived IL-15 can also promote CTL differentiation (51-53). In a murine infection
model in which two-step priming was demonstrated (7,9), CD4+ T cell help amplified
the IL-12 or IL-15 production induced by type I IFN or another innate stimulus (7,9) in DCs,
and thereby promoted CD8+ T cell clonal expansion and CTL differentiation (53).
Autocrine IFNγ reportedly also supports the differentiation of effector CTLs (54), although
natural killer (NK) cells are a more likely source of IFNγ during T cell priming (55). Furthermore,
IL-2 promotes effector CTL differentiation (56) and although autocrine IL-2 is not required for
the clonal expansion of newly primed CD8+ T cells (57), it is produced soon after priming (58).
In infection models, the expression of the α-chain of the IL-2 receptor (IL-2Rα; also known
as CD25) by recently primed CD8+ T cells depends on CD4+ T cell help, and IL-2 signalling
contributes to the development and/or maintenance of short-lived effector CD8+ T cell
responses (59). Whether autocrine IL-2 has a role in help for the CTL response is unclear, but
CD4+ T cell-derived IL-2 might contribute to help (60). CD4+ T cell-derived IL-21 has also been
implicated in the maintenance of functional CTLs during chronic infection with lymphocytic
choriomeningitis virus (LCMV) (61).
168

CD4 + T CELL HELP IN CANCER IMMUNOLOGY

α

6

Figure 3. Key cell surface receptor–ligand interactions during the second step of T cell priming. In
the second step of T cell priming, antigen presentation by a lymph node-resident conventional type 1
dendritic cell (cDC1) to CD4+ T cells increases their expression of CD40 ligand (CD40L). Next, CD40L–
CD40 binding triggers CD40 signalling in the cDC1, which increases its antigen presentation ability
and expression of costimulatory ligands and cytokines. Type I IFN, IL-12 and IL-15 produced by cDC1s
act directly on CD8+ T cells to support their differentiation into effector CTLs. CD40-stimulated DCs
express high levels of CD80, CD86 and CD70, which interact with CD28 and CD27, respectively, on CD8+
T cells. CD27 signalling drives differentiation, survival and metabolism in the CTLs, most likely directly
as well as indirectly via DC-derived IL-12 and CD8+ T cell-derived, autocrine IL-2 by upregulation of IL-12
receptor (IL-12R), IL-2 and IL-2 receptor α-chain (IL-2Rα; also known as CD25). CD4+ T cell-derived IL-2
and IL-21 can also support the CTL response.

Costimulatory signals
Upon antigen-specific interaction with a DC, CD4+ T cells upregulate expression of CD40L,
which binds to CD40 on the DC. Although there might be supporting signals (62), reminiscent
of CD4+ T cell help to B cells, CD40 provides the key input signal for the DC to relay the help
signal to the activated CD8+ T cell (5-7). CD40–CD40L signalling promotes the production
of IL-12 or IL-15 by the DC, but also upregulates the costimulatory ligands CD80 and CD86.
The resulting CD28 costimulation of the CD8+ T cell is part of the effector pathway of CD4+
T cell help (63,64), but is not sufficient to generate a fully functional CTL response (49). In
the mouse, the production of the CD27 (also known as TNFRSF7) ligand CD70 (also known as
TNFSF7) by DCs and the resulting CD27 costimulation of the CD8+ T cell is a pivotal aspect of
help12. Unlike related costimulatory TNF receptor family members that are expressed after T
cell activation, CD27 is expressed by naïve CD4+ T cells and CD8+ T cells and is therefore a key
candidate in supporting T cell priming (65). In mice, CD70 expression is induced in both CD8+
cDCs and CD8– cDCs by PRRs or CD40, although most optimally by combined stimulation
(66,67). Thus, as for IL-12 and IL-15, the requirements for CD70 expression supports
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the two-step priming model. As for type I IFN, IL-12 and IL-15, PRR signalling alone can
induce CD70 expression in DCs (64,66), suggesting that CD27 costimulation also has a role
in the first step of CD8+ T cell priming. Remarkably, all these stimuli induce the production
of chemokines, including XCL1, by CD8+ T cells (50,68,69), suggesting that once CD8+ T cells
receive these innate stimuli, they can recruit a XCR1+ cDC1 and the second step of priming
can occur.
CD27 costimulation is known to promote the clonal expansion of primed CD8+ T cells and
their differentiation into effector and memory CTLs (65). Many studies in the mouse support
the idea that CD27–CD70 costimulation is the key output signal from DCs in the delivery of
help to CD8+ T cells. For example, blocking CD70, but not the costimulatory ligands TNFSF9
(also known as 4-1BBL) or TNFSF4 (also known as OX40L), inhibited CTL priming by CD40activated DCs (66). Other studies likewise suggest that CD40 signalling enables DCs to relay
the help signal by the induction of CD70 expression (64,67,70): Transgenic CD70 expression
by otherwise immature DCs enabled the induction of potent CTL-based antitumour
immunity after vaccination with only a short, MHC class I-binding peptide (71). In another
model of therapeutic antitumour vaccination, CD27 costimulation of the CD8+ T cell was
directly demonstrated to be the key downstream effect of CD4+ T cell help in the generation
of primary and memory CTL responses (12,72). The gene expression signatures induced
in CTLs by help or CD27 costimulation are highly similar, demonstrating the importance
of the CD27–CD70 costimulatory pathway for CTL differentiation (12). However, CD27
costimulation does not recapitulate the entire help programme, indicating that other signals
probably contribute to help. CD28 costimulation is a likely candidate for an additional signal,
as a combination of blocking antibodies against CD80/86 and CD70 abrogated the capacity
of CD40-activated DCs to prime a CTL response (64). Concurrent stimulation of CD27 and
blocking of PD1 with antibodies in vivo recapitulated the effects of CD4+ T cell help in
tumour rejection in a therapeutic vaccination model (72). This finding, together with the fact
that PD1 blockade facilitates CD28 costimulation (73), argues for a combined role of CD27
and CD28 in the help provided to CD8+ T cells. The involvement of CD137 costimulation
in memory CTL differentiation suggests that it is also a component of the help signal (74).
Elucidating which molecules, aside from CD70 and specific cytokines, are upregulated in
DCs during the transmission of help signals might reveal additional aspects of help. For
example, CD4+ T cell help and CD40 signalling in DCs promote the recruitment of naïve CD8+
T cells and B cells to the priming lymph node, although the identity of the signal is unknown
(75). Overall, these data suggest that CD40 (as the crucial DC input signal) and CD70 (as
the pivotal output signal for CD8+ T cell differentiation) are attractive molecular targets to
enable or enhance CD4+ T cell help in cancer immunotherapy.

Interplay between costimulatory and cytokine signals
Cytokines (such as type I IFN, IL-12 or IL-15) and costimulatory signals (CD80 or CD86 and
CD70) are output signals from DCs after delivery of help. How these output signals collaborate
to shape the CTL response is an important question. CD28 and CD27 costimulation support
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clonal expansion of activated CD8+ T cells in a non-redundant manner (76). Signalling
through TCR and CD28 initiates the clonal expansion of activated CD8+ T cells, wherein CD28
costimulation amplifies TCR signalling and initiates the cell cycle, counteracts apoptosis
and alters cell metabolism in favour of rapid cell division (44,77). CD27 costimulation also
enhances the survival of clonally expanding T cells by anti-apoptotic and pro-metabolic
effects (78) and thereby broadens the repertoire of responding T cells (79). Furthermore,
CD27 costimulation also enhances the survival of CTLs in non-lymphoid tissues via autocrine
IL-2 signalling (80). Of note, TCR–CD28 signalling only weakly affects the differentiation of
effector CTLs (49), whereas CD27 costimulation is a key effector of CD4+ T cell help that
initiates effector and memory differentiation programmes in newly primed CD8+ T cells
(12,70,72). CD27 signalling might drive CTL differentiation directly or in part via the IL-12 and
IL-2 receptor pathways, as it upregulates expression of the IL-12Rb2 chain on activated CD8+
T cells (12), which could potentially mediate differentiation-inducing signals by DC-derived
IL-12. Furthermore, CD27 signalling also upregulates expression of IL-2 and the IL-2Rα chain
in activated CD8+ T cells (12,80), which could potentially lead to autocrine IL-2 signalling that
also drives the expression of master regulators of effector CTL and memory CTL differentiation
(56). Thus, IL-2 signalling during CD8+ T cell priming could affect the differentiation of both
effector CTLs and memory CTLs, although reports on the role of IL-2 in the differentiation of
memory CTLs are somewhat contradictory (59,81).

6

Integration of help and innate signals
To date, the gene expression changes that occur in DCs in response to innate versus help
signals, or their combination have not been determined. Studies thus far have focused on
a limited number of cytokines and costimulatory molecules that change in DCs as a result
of innate and help signals, and their results suggest that combined stimulation amplifies
the output signals from DCs. However, amplification of signal output from the DC may well
qualitatively alter CD8+ T cells that receive the help signal, as exceeding signalling thresholds
might activate new gene expression programmes.

CTL FUNCTIONS INITIATED BY HELP SIGNALS
During clonal expansion, primed T cells differentiate into cell types with diverse functions,
including short-lived effector T cells and persistent memory T cells. Compared with effector
T cells, memory T cells can self-renew and have higher proliferative potential and increased
longevity (43). Cell fate decisions are based on differential gene expression that is controlled
by master transcriptional regulators and chromatin states (43,82,83). In this section, we
review our understanding of the CTL differentiation programmes that are regulated by CD4+
T cell help.

CD4+ T cell help and differentiation of effector CTLs
Genome-wide mRNA expression analysis has been carried out in a mouse model of
therapeutic antitumour vaccination and in acute infection with LCMV strain Armstrong to
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determine the effect of help on the quality of the primary CTL response (12). In the vaccination
model, the effects of two DNA vaccines were compared; one DNA encoded the human
papilloma virus (HPV) E7 protein with an MHC class I-restricted epitope alone (that is, no
help), whereas the other additionally encoded strong, HPV-unrelated MHC class II-restricted
helper epitopes (that is, help) (72,84). In total, 969 genes were differentially expressed in
CTLs at the effector phase isolated from mice treated with the different vaccines; these
genes encode diverse proteins involved in multiple cellular processes, including cytotoxic,
migratory and metabolic functions. Help affected the expression of many transcription
factors, including master regulators of CTL differentiation, such as T-BET, EOMES and ID3,
which regulate transcription and epigenetic modifications (43,82,83) (Figure 4). The data
suggest that help benefits the differentiation of both short-lived effector T cells and longlived memory T cells (12).
Both in the vaccination and infection model, help enforced multiple cytotoxicity
mechanisms, including the production of effector molecules such as TNF, FAS ligand (FASL),
granzyme A (GZMA), GZMB and IFNγ (12). The increased cytotoxic quality of helped CTLs was
confirmed in vivo and ex vivo studies (12,72). Thus, these data confirmed that help improves
the intrinsic capacity of CTLs to kill target cells, and also revealed many novel aspects of
help. For example, CTLs that have not received help (‘helpless’ CTLs) can exit the priming
lymph node and enter the circulation, but they express high levels of coinhibitory receptors,
including PD1, lymphocyte activation gene 3 (LAG3) and B and T lymphocyte attenuator
(BTLA), which prevent helpless CTLs from killing their target tumour cells (12). In another
vaccination study in mice, microarray analysis demonstrated that depletion of CD4+ T cells
resulted in dysfunctional primed CTLs that had decreased expression of cytotoxic effector
molecules and increased expression of PD1 and other coinhibitory receptors (85) (Figure 4).
Importantly, gene set enrichment analysis demonstrated that the gene expression signature
of helpless CTLs in this model (85) was highly similar to that of exhausted CTLs in mice with
a chronic LCMV infection (86,87). The dysfunctional state of CTLs in this chronic infection
model might mimic that of CTLs in human cancers; these dysfunctional PD1+ CTLs are
generated early after priming, particularly when CD4+ T cells are depleted (88).
Furthermore, help greatly affects the migratory and invasive ability of CTLs; compared
with helped CTLs, helpless CTLs have a diminished capacity to enter into a subcutaneously
implanted tumour (12). As compared to helpless CTLs, helped CTLs express higher levels
of the chemokine receptors CXCR4 and CX3CR1, which promote CTL extravasation at
the tumour site, and have higher matrix metalloproteinase expression and activity, which
promote CTL infiltration into the tumour (12). Furthermore, these gene expression data
suggest that the function of helped CTLs is optimized in a variety of as yet unknown ways
by an array of cell surface receptors, signaling molecules, transcription factors, cytoskeletal
and metabolic regulators (12) (Figure 4). In addition, these data highlight that help improves
the intrinsic functionality of CTLs during priming and equips them with all the tools that are
required to eliminate tumour cells in tissues. Helped CTLs can thereby likely overcome many
recognized obstacles in antitumour immunity in patients with cancer (1).
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Figure 4. Molecular mechanisms of CD4+ T cell help. Transcriptomic analysis of mouse CD8+ T cells
has identified important features of CD4+ T cell help12,85. Helped CD8+ T cells show altered expression of
many master transcription factors, such as T-BET, eomesodermin (EOMES) and inhibitor of DNA-binding
3 (ID3), which control the differentiation of effector cytotoxic T lymphocytes (CTLs) and memory CTLs.
These CTLs upregulate expression of IL-12 receptor (IL-12R), IL-2 receptor α-chain (IL-2Rα; also known as
CD25) and IL-2, which support their differentiation, survival and metabolism. The CTLs have enhanced
cytotoxic activity owing to increased expression of effector molecules (such as tumour necrosis factor
(TNF), granzyme B (GZMB) and IFNγ) and downregulation of coinhibitory receptors (programmed
death 1 (PD1), lymphocyte activation gene 3 (LAG3), B and T lymphocyte attenuator (BTLA) and T cell
immunoglobulin mucin receptor 3 (TIM3)). Furthermore, these CTLs have enhanced migratory and
invasive potential owing to upregulated expression of CXC-chemokine receptor 4 (CXCR4), CX3Cchemokine receptor 1 (CX3CR1) and matrix metalloproteinses (MMPs). In addition, their metabolic
state is altered, as well as many other functions. Overall, CD4+ T cell help enhances the cell-intrinsic
antitumour activity of CTLs by multiple complementary mechanisms12. FASL, FAS ligand; NFAT, nuclear
factor of activated T cells; PD1, programmed death 1.

Help and the differentiation of memory CTLs
Some genes are highly expressed by steady-state memory T cells (but not by naïve T cells
or are ‘poised’ for re-expression owing to an open chromatin state (82,83,89). As shown for
the Il2 and Ifng loci in mice, help during priming promotes the establishment of this open
epigenetic state (90). To our knowledge, the global effect of help on the differentiation of
memory CTLs has only been assessed in one micro-array study, which reported the differential
expression of 276 genes in helped versus helpless memory CTLs (91). Helpless memory CTLs
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show deficient secondary expansion owing to apoptotic cell death; they upregulate death
ligand TRAIL and this constrains their secondary expansion by paracrine TRAIL-mediated
apoptosis (91,92). However, other mechanisms also contribute to the deficient clonal
expansion of helpless memory CTLs (93,94). For example, helped memory CTLs have an antiapoptotic profile, partly due to expression of inhibitory Bcl-2 family proteins and helpless
CTL are therefore more prone to die (95). Drug-based interference with the epigenetic state
of helpless memory CTLs can overcome deficits in cytokine production and secondary
expansion (95). Thus, CD4+ T cell help results in epigenetic imprinting at various genes
in primed CD8+ T cells, permanently altering their gene expression profile. In this way,
the effects of help signals during priming persist throughout the lifespan of the CTL, which
makes help an attractive target to exploit for cancer immunotherapy.

The importance of help for the CTL antitumour response
CD4+ T cell help can be viewed as a newly recognized checkpoint in the priming of CTLs, as
help occurs after CD8+ T cells have received their first priming signal from an activated DC
and results in the downregulation of coinhibitory receptors in CD8+ T cells. Help improves
the magnitude of both primary and memory CTL responses, as well as the functional
quality of individual CTLs. The epigenetic modifications and gene expression programmes
established by CD4+ T cell help during priming optimize the longevity and effector and
memory functions of CTLs, although the exact mechanism of improved CTL memory function
requires investigation at a genome-wide level. Owing to the effector programme established
in CTLs by CD4+ T cell help, helped CTLs are predicted to be better poised to overcome key
obstacles in antitumour immunity than helpless CTLs, which have an expression profile that
indicates dysfunction and exhaustion.
To our knowledge, the effects of CD4+ T cell help on the TCR repertoire of responder
CTLs have not been directly tested, although based on the documented effects of CD28
and CD27 costimulation (44,78,79), we expect that help broadens the repertoire of CTLs
and thereby prevents immune escape of tumour cells. Helped CTLs also have a prolonged
lifespan and form effective memory cells, which might be advantageous in cases of a large
tumour burden or a recurring cancer. Importantly, as help is delivered to CD8+ T cells that
have already completed the first priming step by activated DCs, helped CTLs most likely do
not include auto-reactive T cells. Strengthening CD4+ T cell help in cancer immunotherapy
is predicted to promote the priming of tumour-reactive CTLs that are reactive to altered self
antigens rather than non-self antigens.

CD4+ T CELL HELP IN CANCER IMMUNOTHERAPY
The tumour as an endogenous vaccine
In human cancers that contain tumour-specific CTLs, the tumour itself is a vaccine, albeit an
inefficient one. To date, no tools exist that can establish whether tumour-specific CTLs have
received a complete help signal. Tumour-specific CD8+ T cells were shown to be enriched
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Figure 5. CD4+ T cell help in cancer immunotherapy. Most cancer immunotherapy strategies might
benefit from including approaches to activate CD4+ T cell help or its downstream effectors. Peptides (or
DNA or mRNA encoding them) used in therapeutic vaccines should include both MHC class I and class
II epitopes to ensure that of CD4+ T cells are activated in the response. Replacing the signals delivered
by CD4+ T cell help might be achieved by the use of agonistic CD27 antibodies, which might work
synergistically with PD1 blockade to relieve tumour-associated immune suppression. Dendritic cell
(DC)-based vaccination relies on DC subsets that are capable of priming CD4+ T cells and relaying help
signals to CTLs. Alternatively, antigens and activation signals might be targeted to XCR1+ migratory
and lymph node-resident DCs using antibody-conjugates specific for this DC lineage139. Adoptive cell
therapy should include CD4+ T cells to provide help at the tumour site or use preprogrammed helped
CD8+ T cells. Transferred CTLs should be expanded in conditions in which help signals are delivered.
CAR T cell therapies might include cells that express the signalling motif of appropriate costimulatory
receptors, thereby mimicking the delivery of help. Treatments that induce a type I IFN response (such
as STING agonists or radiation) might support activation of cDC1s and their subsequent interaction
with CD4+ T cells.

in the population of PD1+ T cells in the blood of patients with melanoma (96). We propose
that these circulating PD1+ CD8+ T cells were primed in the absence of help. ‘Dysfunction’
of tumour-specific T cells is reportedly an early event in tumorigenesis97, and dysfunctional
CTLs in human cancer resemble the exhausted CTLs that occur in chronic infections in mice
(97), which share many features with helpless CTLs (12,85). In multiple cancer types, CTLs
are excluded from the vicinity of tumour cells within the cancerous lesion — the so-called
immune-excluded phenotype — which correlates with a poor clinical outcome (98) and
a negative response to PD1 or PDL1 blockade (99). Penetration of CTLs into the centre
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of a tumour mass can be facilitated by altering extrinsic factors, such as blocking TNFβ
signalling that modulates the tumour stroma (100). In addition, the intrinsic, tumourinvasive capacity of CTLs can be promoted by CD4+ T cell help during priming (12). Tumourspecific CTLs probably have a helpless phenotype because the required innate DC-activating
signals and helper epitopes that facilitate the interaction of activated CD8+ T cells and CD4+
T cells with the same XCR1+ cDC1 are absent in tumours. Providing agents that stimulate
type I IFN production, such as a STING agonist (101), might promote the production of XCL1
by activated CD8+ T cells and their recruitment of a cDC1, thereby increasing the source
of antigens and promoting help. Conventional cancer therapies, including radiotherapy,
might also induce type I IFN production (102) and likewise promote the vaccine potential
of the tumour. Furthermore, the cell death and/or stress induced by these cancer therapies
might be immunogenic, the extent to which depends on antigen loading of DCs and
the DAMPs that are released and their capacity to correctly activate DCs.

Therapeutic antitumour vaccination
A number of tools are used to deliver tumour antigens to T cells in therapeutic vaccination
against cancer, including proteins, peptides, DNA, mRNA, dead tumour cells and live, antigenloaded or mRNA-transfected DCs. Helper epitopes are already included in therapeutic
vaccines and have demonstrated efficacy in the treatment of human papillomavirus-induced
premalignant lesions (103,104). In addition, a synthetic long-peptide vaccine containing
multiple tumour-associated neo-epitopes raised polyfunctional CTL responses in patients
with melanoma (105). Remarkably, the neo-epitopes were predicted to bind to MHC class
I, but the vaccine primarily elicited MHC class II-restricted CD4+ T cell responses against
non-predicted epitopes. Similar observations were made for vaccination with synthetic
RNA encoding multiple predicted MHC class I-restricted neo-epitopes in patients with
melanoma (106). The data suggest that, in these cases, CD4+ T cell help for the CTL response
was delivered.
As most metastatic lesions likely contain a suppressive TME that can only be targeted
by additional, dedicated interventions, stimulation of tumour-specific T cell priming alone
cannot be expected to eradicate a high-stage cancer, such as stage 4 metastatic cancer
(reviewed elsewhere (107)). The immunomodulatory effects of some chemotherapeutic
drugs provide new opportunities for targeting the TME (108). These effects include
the induction of immunogenic cell death by specific conventional chemotherapeutics
(109), the synergistic induction of tumour cell death by platinum-based chemotherapeutic
compounds and TNF released by vaccine-induced T cells (110) and the selective depletion of
immunosuppressive myeloid cell populations by commonly used drug combinations (such
as carboplatin and paclitaxel) without impairment of T cell function (111). Although specific
drugs alone might support T cell priming, these beneficial effects of chemotherapy are most
effective when used in combination with therapeutic vaccination (110,111).
Which MHC class II epitopes to use, and whether they are derived from a tumour or
not, are important considerations in developing an antitumour vaccine. The expression of
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HLA-DR molecules by tumour cells has been linked to a good prognosis in patients with
cancer (112), suggesting that direct recognition of tumour cells by CD4+ T cells is beneficial.
Indeed, CD4+ effector T cells can directly kill tumour cells (113,114). However, most tumours
do not express MHC class II molecules. Nevertheless, tumour antigen-specific CD4+ T cells
can indirectly promote tumour rejection by, for example, recognition of tumour antigens
on myeloid cells in the TME and the production of cytokines, such as IL-2, which supports
CTL survival, and IFNγ, which is tumoricidal, stimulates CTL and NK cell function and induces
the production of chemokines that recruit additional effector cells to the tumour (3,4,115).
Conversely, tumour-specific CD4+ T cells in the TME can be reprogrammed into CD4+ Treg cells
that counteract CTL activity (116,117). CD4+ T cells do not need to be tumour-specific to help
the CTL response during priming. As the binding of peptides to MHC class II molecules is fairly
non-specific, most long peptides that are used for therapeutic vaccination and are designed
to contain MHC class I epitopes typically also contain MHC class II epitopes (107). However,
selection of MHC class II epitopes might be advantageous in the creation of an ‘off the shelf’
vaccine — strong helper epitopes can be selected that bind to HLA-DR, HLA-DP or HLA-DQ
regardless of polymorphisms for use in conjunction with an MHC class I-restricted universal
tumour antigen (84). Also, studies suggest that secreted antigens are more effective than
those retained intracellularly (84,118), so a secretory signal peptide could be incorporated in
the vaccine protein. As the characteristics required to produce an effective tumour antigen
are often not known, the use of exogenous MHC class II epitopes is probably the best choice
to ensure an effective antitumour immune response.
The novel insights discussed above raise important considerations for vaccine design.
First, does the inclusion of helper epitopes in a vaccine ensure the delivery of CD4+ T cell help?
Antigens must be delivered to lymph node-resident cDC1s that relay the help signal between
the two populations of T cells, and CD8+ T cells must recruit these DCs through production of
XCL1, which in turn depends on whether CD8+ T cells receive the appropriate signals (type I
IFN, IL-12 and/or CD70) from the migratory DCs that initially activated them. Several highly
promising approaches exist to target DCs (119), but their combined use with adjuvants that
activate these DCs is probably necessary. Second, whether a primed CD8+ T cell has received
help or not in patients with cancer is important for optimizing therapeutic vaccines, so
readouts of the successful delivery of CD4+ T cell help should be useful. The gene expression
signatures (12,85) of helped CD8+ T cells that were identified in mice require validation in
humans, and essential elements of this signature could be used to identify biomarkers in
clinical studies. In addition, although CD70 expression by DCs may be the key readout for
successful transmission of CD4+ T cell help, this aspect has been understudied in humans.
However, a recent proteomics study identified CD70 as a remarkable, but poorly recognized,
reporter of human immune activation (120). Third, do only lymph node-resident cDC1s relay
the help signal? It is likely that migratory cDC1s also perform this function, as these cells can
cross-present antigen. CD141+ cDC1s are the human equivalent of the cDC1s that relay help
in mice (121)’ although they are understudied because of their rarity. The unique properties
that distinguish this DC subset from the cDC2s and monocyte-derived DCs (moDCs) have
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been revealed by mRNA deep sequencing (122). A possible reason that DC vaccination trials
using primarily moDCs (123) did not meet expectations is that moDCs may not be able to
relay CD4+ T cell help. This has not yet been tested, but it is advisable that new DC vaccination
trials focus on those DCs that can relay help. Key features of mouse and human DC subsets
are conserved, suggesting that findings about DCs in mice can be extended to humans (124)
and therefore the cDC1 is the likely transmitter of help in the human system.

Antibody-based T cell immunomodulation.

6

Mimicking help would be useful in cases in which it is expected to be deficient. Studies in
mice suggest that an agonistic CD27 antibody effectively mimics help (12,72). Whether CD27
costimulation transmits the help signal to CTLs in humans requires confirmation, although it
probably does, as human CD27 is expressed by naïve human CD4+ and CD8+ T cells, whereas
other TNF receptor family members are only expressed by activated T cells (65). Furthermore,
CD27 costimulation of CD8+ T cells produces remarkably similar gene expression profiles
in humans and mice (12,68,69). Agonistic antibodies to TNF receptors are challenging to
produce, but one agonistic CD27 antibody is in clinical trials and has proven safe (125).
In a mouse model of therapeutic vaccination, a combination of antibody-based CD27
agonism and PD1 inhibition recapitulated the effects of CD4+ T cell help (72). Studies on
the effects of PD1 or PDL1 blockade in human also suggest that CD27 agonism is a good
candidate for combined modality treatment: First, CTLs that are optimally primed by
agonistic CD27 antibodies might still experience PD1-based suppression in the TME, which
can be overcome by antibody-based PDL1 blockade; on this basis, combined modality
treatment is expected to be synergistic. PDL1 blockade and CD27 agonism may also have
a synergistic effect in cancer patients by a different mechanism: circulating PD1+CD8+ T
cells become Ki67+ and start expressing CD27 after PD1 blockade (126,127) and thereby
become amenable to CD27 agonism. Studies in mice with chronic LCMV infections indicate
the existence of circulating dysfunctional PD1+CXCR5+CD8+ T cells that are reinvigorated by
PD1 blockade (128). We propose that these CD8+ T cells have not received help signals, but
that their PDL1-based inhibition might be relieved when these cells pass through lymph
nodes. PD1 blockade might enhance their responsiveness to CD27 agonist, which in turn
leads to a reversal of their dysfunctional state, resulting in their clonal expansion and
differentiation into optimal effector CTLs

Cellular therapies
CD4+ T cell help might be important for cellular therapies with either DCs or T cells (including
T cells expressing a chimeric antigen receptor (CAR) (129) or a tumour-specific TCR (130), or
tumour-infiltrating lymphocytes (TILs) (131)). Clearly, DCs that relay help are preferred for
vaccination therapies. T cells that are used for adoptive cell transfer can be preprogrammed
by help and perhaps TILs can be selected for those that have received help (for example,
based on the gene expression profile of helped cells). Efficient antitumour activity and
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long-term persistence of CAR T cells in vivo was observed when the CAR was endowed
with an intracellular domain encompassing both the CD3z chain signalling module and
the CD27 costimulatory motif (132). Thus, this motif might help to initiate a large part of
the help programme in T cells genetically engineered for therapeutic purposes. In addition,
the inclusion of both tumour-specific CD4+ T cells and tumour-specific CD8+ T cells in T cell
therapies might increase the likelihood of successful delivery of help signals.

CONCLUDING REMARKS
Studies in mouse models have delivered key information about the molecular nature of
the effector programme that is initiated in CTLs by CD4+ T cell help. Help endows CTLs with
multiple effector functions, including optimal cytotoxic, migratory and invasive potential and
the downregulation of coinhibitory receptors, enabling them to overcome key impediments
that hamper antitumour immunity. By contrast, the gene expression profile of helpless CTLs
indicates a dysfunctional state that is also observed in chronic infections and cancer. We
propose that deficient help ‘freezes’ spontaneous antitumour responses in a suppressed,
dysfunctional state, although this concept requires validation in humans.
Help can be exploited to improve cancer immunotherapy at the molecular level. Although
therapeutic vaccines already include helper epitopes, their inclusion do not necessarily
ensure delivery of the help signal, as the epitopes might not reach the appropriate DC
subtypes. Diagnostic tests that can validate the delivery of help signals are needed. Detailed
examination of DCs that are activated by CD4+ T cells in humans might identify these markers
of help delivery, among which CD70 is a promising candidate. Using the human counterpart
of the mouse lymph node-resident cDC1 that can relay the help signal, or targeting this
DC subset in vivo using antibody-mediated antigen delivery (for example, targeting XCR1
or C-type lectin domain family 9 member A (CLEC9A) (122)), could be advantageous in
DC-based vaccination approaches. Agonistic antibodies against costimulatory receptors
and/or recombinant cytokines that mimic the help signal can be used to help prime
tumour-specific CTLs of optimal quality. Studies in mice point to CD27 as a key target for
mimicking help in humans and possibly, circulating tumour-specific PD1+ T cells in patients
with cancer can be reprogrammed to become optimal CTLs by CD27 agonism. In addition,
insights into CD4+ T cell help for CTL responses could be exploited to genetically engineer
or ‘educate’ DCs and CD8+ T cells in vitro prior to adoptive cell transfer. Furthermore, effector
and memory CTL differentiation programmes activated by the help signal might deliver
novel antibody targets to promote the CTL response to cancer, as well as diagnostic targets
to monitor vaccine efficacy. Thus, insights into the cellular and molecular mechanisms of
CD4+ T cell help in CTL responses is relevant for all immunotherapy approaches, including
those using vaccination, immunomodulatory antibodies and adoptive transfer of DCs or
tumour-specific T cells.
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Cancer is a disease of an old age. The average human lifespan has gone up from 48 to 72 years
in the last 60 years and with that the incidence of cancer has risen over 50% (1). Multiple
cell types and mechanisms deployed by the immune system allow for the recognition and
elimination of tumor cells. Over the recent years, multiple strategies have been implemented
to take advantage and boost the natural ability of the immune system to combat cancer.
However, rising worldwide cancer incidence calls for continuous basic and clinical research
in that field.
CD8+ T cells (or CTLs) represent a subset of adaptive immune cells and have been
the central focus of cancer immunotherapy. Their unique abilities to reach almost all body
parts, recognize intracellular alterations in the context of ubiquitous MHC class I molecules
and mediate target cell killing make them an ideal weapon against cancer. Given their
effectiveness, in order to prevent unwanted T cell responses, like in the case of autoimmunity,
several mechanisms are in place. Another subset of T cells – CD4+ T cells – plays a crucial role
in that process. CD4+ T cells can be broadly divided into regulatory (Treg) and conventional
(Tconv) T cells. Treg cells utilize multiple complementary mechanisms (discussed in
Chapter 2) and mediate potent immunosuppressive effects, keeping unwanted and
potentially harmful CD8+ T cell responses in check (2). On the other hand, the activity of Tconv
cells is required to initiate and sustain optimal CD8+ T cells responses, especially in the case
of cancer3. The provision of ‘help’ by CD4+ T cells can be mediated by different mechanisms.
In my thesis, I have focused on the central role of these cells during early phases of the CD8+ T
cell response. At that stage, CD4+ T cells can induce a functional maturation of dendritic cells
(DCs), another immune cell type that serves as a bridge between CD8+ and CD4+ T cells (4).
DCs can acquire, process and present tumor-derived antigens and subsequently induce an
antigen-specific cytotoxic T cell response in a process termed ‘T cell priming’. In addition to
the antigen, activated DCs offer costimulatory signals and cytokines that support the CD8+ T
cell response. In order to better understand the role of CD4+ T cell help in CD8+ T cell priming
and anti-tumor immunity, I have addressed several questions:

7

1) What is the role of CD4+ T cell help in therapeutic anti-cancer vaccination?
Therapeutic anti-cancer vaccination has been explored as one of the treatment modalities
in the field of cancer immunotherapy. Its main goal is to raise a new anti-tumor CD8+ T cell
response when the cancer is already present, potentially eliminating even a metastatic
disease. One of the main requirements for successful vaccination is the inclusion of the most
appropriate cancer-associated antigens. Recent studies describe the use of vaccines encoding
antigens specific for a given patient (5,6). Such vaccines are designed based on the tumor
DNA and RNA sequencing and in silico predictions of mutated peptides. However, most
studies focused on virus-associated cancers, as those offer many immunogenic antigens and
can be applied in large groups of patients. The main experimental model used in my studies
was an intra-epidermal vaccination strategy directed against an HPV-derived epitope of E7
191
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protein (7). This epitope can be presented in the context of an MHC class I molecule to CD8+
T cells. Initial mouse studies on that and other anti-cancer vaccination models showed that
inclusion of MHC class II epitopes (presented to CD4+ T cells) is necessary to raise an optimal
CD8+ T cell response leading to tumor rejection (8,9). In Chapter 3, I investigated the role of
CD4+ T cell help in raising an anti-tumor CTL response. I have demonstrated that inclusion
of tumor-unrelated helper epitopes greatly increased CD8+ T cell priming. CD4+ T-cell help
optimized the CTL response via CD27/CD70 costimulation (10). Agonistic mAb to CD27
could largely replace helper epitopes in promoting primary and memory CTL responses,
acting directly on CD8+ T cells. Main immunomodulatory antibodies currently applied in
various cancer types are directed against coinhibitory receptors: PD-1 and CTLA-4 (11).
I have therefore investigated whether blocking these molecules would improve CD8+ T cell
response in the absence of CD4+ T cell help. Combined PD-1 and CTLA-4 blockade did not
enhance anti-tumor efficacy of the vaccine. However, combining CD27 agonism with CTLA-4
blockade greatly improved vaccine-induced priming of CTLs and their presence in the tumor.
CTLA-4 on T cells inhibits CD28 costimulation by binding to CD80 or CD86 and thereby
downregulates these ligands. CTLA4 carries out this function on effector T cells and on Treg
cells (12). Nevertheless, only combined CD27 agonism and PD-1 blockade led to complete
tumor eradication, recapitulating the effects of CD4+ T-cell help on vaccine efficacy. Since
PD-1 blockade did not improve CTL priming or tumor infiltration, these data argue that PD-1
blockade and CD4+ T-cell help alleviated CTL suppression in the tumor. PD-1 signaling has
been recently shown to downregulate CD28 costimulatory pathway in T cells (13,14). It is
therefore also possible that blocking PD-1 resulted in enhanced CD28 costimulation and
in combination with CD27 agonism resulted in recapitulation of ‘help’ signal. However, this
explanation is less likely as blocking CTLA-4, which results primarily in more enhanced CD28
signaling did not mimic the effects of ‘help’ when combined with CD27 agonism. Notably,
CTLA-4 blockade alone did not improve vaccine efficacy. Possibly because pro-survival
signaling of CD27 was required to induce pro-proliferative signaling of CD28 allowed CD8+ T
cells to divide and differentiate into effector cells.

2) What are the molecular mechanisms by which primary CD8+ T cell response is
optimized as a result of CD4+ T cell help?
Having established the requirement for CD4+ T cell help to raise a tumor-specific CTL
response in Chapter 4, I have investigated what are the cell-intrinsic changes that occur
in helped CTLs. In order to unbiasedly identify mechanisms by which helped CTLs are
optimized, I performed mRNA-sequencing of ‘helped’ and ‘non-helped’ effector CD8+ T cells.
Engagement of CD4+ T cell help enhanced cytotoxic, migratory and metabolic functions of
CTLs (15). Helped CTLs expressed higher levels of effector molecules such as TNF, GZMB
and IFNγ and lower levels of multiple coinhibitory receptors including PD-1, LAG3 and
BTLA. This resulted in more efficient killing of tumor cells. Furthermore, I demonstrated
that upregulation of CXCR4, CX3CR1 and matrix metalloproteases (MMPs) on helped CTLs
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results in their enhanced migratory and invasive potential. Next, I showed that CD27/CD70
costimulatory pathway acts as a main downstream effector of CD4+ T cell help. Specifically,
expression of CD27 on CD8+ T cells and CD70 on DCs was required to install a specific
effector program in ‘helped’ CTLs. I have also demonstrated that in a virus infection model
‘help’ mediates very similar gene expression signature in CTLs. This is of particular interest,
as experimental models associated with strong inflammation have been classified as ‘helperindependent’ (16). Strong innate signals are thought to result in appropriate DC activation,
alleviating the requirement for CD4+ T cell help. When CD4+ T cell help was eliminated,
the magnitude of the virus specific CTL response was not affected. However, the quality
of CTLs was still diminished in a similar way as in the vaccination model, as revealed by
transcriptome analysis of effector CD8+ T cells. Only one similar study has been performed
before, due to unavailability of such robust transcriptome analysis techniques (17).
Our transcriptome signature offers multiple possibilities for further research, as it
contained other novel pathways not implicated before in the context of CD4+ T cell help. For
instance, many genes were involved in metabolic pathways, which are becoming increasingly
appreciated in the field of CD8+ T cell immunity. One could use the signature, or specific genes
to interrogate as reporters of successful vaccination. Alternatively, transcriptome of human
tumor-specific CD8+ T cells could be compared to evaluate whether shortcoming CD4+ T
cell help might explain T-cell dysfunction phenotype observed in many cancer types (18).
Performing a similar analysis of ‘helped’ DCs is of great importance, possibly leading to
identification of pathways needed to induce optimal CTL responses. One candidate is
CD70, however other molecules might play a role at different stages of the response, as
not the entire ‘help’ signature was diminished upon CD70 blocking in our experiments.
Moreover, CD4+ T cells should also be investigated to answer the following questions. What
are the main requirements for the differentiation of optimal ‘helper’ qualities? And if any other
pathways apart from CD40/CD40L are involved in the delivery of the help signal to the DC?
Having a full picture of this three-cell scenario will result in more complete understanding
of the requirements for optimal CTL priming and possible identification of new molecular
targets for cancer immunotherapy.

7

3) What is the impact of CD4+ T cell help during priming on the memory CD8+ T
cell responses?
Generation of immunological memory is the basis of preventive vaccination and
protection against repeated infections with the same pathogen (19). Memory CD8+ T cells
are maintained long-term and have the ability for rapid secondary responsiveness upon
encounter with their cognate antigen. Even though primary CTL responses are classified
as helper-dependent or -independent, generation of memory CD8+ T cells always requires
CD4+ T cell help (20). In Chapter 5, I have therefore investigated how memory CD8+ T cells
are optimized as a result of ‘help’. Delivery of CD4+ T cell help during priming resulted in
higher frequencies of all memory CTL subsets with different tissue distributions. This effect
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was partly a result of upregulation of specific cytokine receptors and improved long-term
maintenance of memory T cells. Notably, ‘helped’ memory CD8+ T cells had a better ability
for antigen-independent restimulation.
In recent years, it has become appreciated that memory CD8+ T cells can confer innate
immunity (21). They can be activated in an antigen-independent manner, in particular by
inflammatory cytokines and resulting in proliferation and effector differentiation (22,23).
However, we show for the first time that this quality depends on the provision of CD4+ T
cell help during priming. Conversely, innate immune cells have been recently shown to
possess qualities characteristic of adaptive immune cells (24). In particular, ability to form
immunological memory, or ‘trained immunity’ was observed in macrophages and monocytes
and resulted in protection against subsequent infections with unrelated pathogens (25).
Apart from cytokine receptors, some effector genes were found to be differentially
expressed already in resting ‘helped’ versus ‘non-helped’ memory CD8+ T cells. Such
availability of transcripts might allow for more rapid production of effector molecules upon
rechallenge of ‘helped’ memory CD8+ T cells. Translation of preformed cytokine mRNAs has
been recently shown to result in rapid TNFa and IFNγ production by CD8+ T cells (26). Next,
we found that ‘helped’ memory CD8+ T cells had better cell-intrinsic ability for secondary
expansion and effector differentiation as compared to ‘non-helped’ cells. Transcriptome
analysis of secondary effectors revealed that ‘helped’ secondary CTLs had lower levels of
translation. This correlated with the enrichment in short-lived effector cells as compared
to the primary response and is in agreement with a recent study demonstrating decreased
levels of translation in terminally differentiated CTLs (27). Moreover, a large portion of
the ‘help’ signature was conserved between the CTLs in the primary and secondary response.
As secondary challenge was done in the absence of CD4+ T cell help, I have analyzed
the epigenetic state of helped memory CD8+ T cells. On a genome-wide level, ‘helped’
memory CD8+ T cells had significantly different deposition of 2 histone marks: H3K27me3
and H3K4me3. As a result of CD4+ T cell help, many effector genes acquired a ‘poised’ state,
which later resulted in their enhanced expression during secondary challenge. These data
explain why CTLs that received ‘help’ during priming became helper-independent during
the secondary response. Delivery of CD4+ T cell help during priming resulted in the acquisition
of an inheritable effector gene program by memory CD8+ T cells, that was subsequently reexpressed upon secondary challenge.
Overall, I have demonstrated the importance of CD4+ T cell help in the generation of
an optimal CTL response. Both primary and secondary CD8+ T cell responses are optimized
as a result of ‘help’ by previously unknown molecular mechanisms. In the absence of ‘help’,
the quality and quantity of tumor-specific effector and memory CTLs is severely diminished.
Tumor-associated T cell dysfunction has been described in multiple cancer types (18,28).
Tumor-specific CD8+ T cells often express high levels of inhibitory receptors and low levels
of effector molecules and are unable to generate protective memory. Moreover, they
often localize at the tumor borders, excluded from the center of the tumor (29,30). These
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characteristics resemble the ‘unhelped’ CTL phenotype identified in my studies. Appropriate
DC-activating signals or MHC class II epitopes might be lacking in the case of cancer. Even if
MHC class II antigens are available, delivery of these antigens to the appropriate DC subset
might be shortcoming (31).
It is therefore possible that tumor-associated T cell dysfunction is in part result of
suboptimal priming in the absence of CD4+ T cell help. This should be further validated, in
part by identification of ‘help’ program in human CTLs. In vitro cultures of human DCs, CD4+
and CD8+ T cells might aid this approach and enable identification of specific ‘help’ markers
on CTLs.
If tumor-reactive CTLs turn out to be enriched in cells of a ‘unhelped’ phenotype, this
observation should be taken into account when designing appropriate strategies for
immunotherapy of cancer. On one hand, provision of ‘help’ signals, e.g. in the form of CD27
agonist antibodies might revert the ‘helpless’ phenotype. We have observed that treatment
of ‘non-helped’ CTLs with CD27 agonist antibody resulted in downregulation of multiple
inhibitory receptors (15). On the other hand, the ‘unhelped’ phenotype seems to be imprinted
in tumor-specific CTLs and provision of ‘help’ during the secondary response did not result
in an improved response by ‘non-helped’ memory CTLs. Therefore, promoting new priming
in the presence of CD4+ T cell help or mimicking its downstream signals might be the most
promising approach. I have demonstrated that the combination of immunomodulatory
antibodies to PD-1 and CD27 recapitulated the effects of CD4+ T cell help in the model of
therapeutic vaccination (10). Blocking antibodies to PD-1 are currently applied in various
cancer types. First agonistic mAb to CD27 has proven safe in phase I clinical trial and its safety
in combination with PD-1 blockade is currently under investigation in a dose escalation
study in multiple cancer types (32). Induction of tumor cell death and release of antigens
by chemotherapy or radiotherapy and subsequent treatment with agonistic mAb to CD27
might ensure that newly primed CTLs receive appropriate ‘help’ signals and mediate efficient
tumor cell killing.
The use of patient-specific antigens for therapeutic anti-cancer vaccination strategies is
currently under a lot of investigation. Recent proof-of-concept study has shown that even
though only MHC class I epitopes were included in the vaccine, CD4+ T cell responses could
be observed (5). Possibly, this was due to presence of MHC class II-binding peptides within
the included sequences. This correlated with polyfunctional anti-tumor CD8+ T cell responses.
However, it is still important to ensure that defined and validated MHC class II epitopes are
included in the vaccine, as not all MHC class II epitopes can initiate equally strong CD4+ T cell
response and mediate the effects of ‘help’ (7,33). Moreover, delivery of helper epitopes to
specific DC subtypes must be guaranteed. Targeting the human counterpart of the mouse
lymph node-resident cDC1 that can relay the help signal using antibody-mediated antigen
delivery, could be advantageous in DC-based vaccination approaches (34).
Adoptive cell transfer is another cancer immunotherapy modality currently under
investigation in the clinic. Tumor-infiltrating lymphocytes are harvested from patients,
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expanded to large number in vitro and reinfused back into patients (35). Identification of
markers expressed specifically by ‘helped’ CTLs and selection of only these cells might aid
this approach. It would ensure that only CTLs able to effectively mediated tumor cell killing
are taken along, possibly minimizing required cell numbers and maximizing their efficacy.
In this thesis, I have demonstrated what are the cell-intrinsic qualities of effective
tumor-specific CTLs and that the absence of CD4+ T cell help results in deficient anti-tumor
immunity by different, previously unappreciated mechanisms. I highlighted the importance
of CD4+ T cell help in the early stages of CTL response and outlined how the delivery of CD4+
T cell help can maximize the efficacy of all current anti-cancer immunotherapy strategies.
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NEDERLANDSE SAMENVATTINGSUMMARY AND GENERAL DISCUSSION
NEDERLANDSE SAMENVATTING
Kanker is een ouderdomsziekte. De gemiddelde leeftijd van de mens is omhoog gegaan
van 48 naar 72 jaar in de laatste 60 jaar en daarmee gepaard gaande is de kankerincidentie
met meer dan 50% toegenomen. Het immuunsysteem gebruikt meerdere celtypen en
mechanismen om tumorcellen te herkennen en uit te schakelen. In de afgelopen jaren zijn
er meerdere strategieën toegepast om het natuurlijk vermogen van het immuunsysteem
om kanker te bestrijden uit te baten en te versterken. Echter, de steeds toenemende
kankerincidentie vraagt om voortdurende investeringen in basaal en klinisch onderzoek in
dit veld.
CD8+ T cellen (ofwel cytotoxische T lymfocyten, CTL) vertegenwoordigen een celtype
dat deel uitmaakt van het “adaptieve” (= zich aanpassende) immuunsysteem en staan
centraal in kanker immunotherapie. Hun unieke vermogens om vrijwel alle uithoeken van
het lichaam te bereiken, om veranderingen binnenin cellen te herkennen in de vorm van
peptiden die gepresenteerd worden MHC klasse I moleculen op vrijwel alle lichaamscellen
en om doelwitcellen te doden, maken CTL een ideaal wapen tegen kanker. Vanwege
de T cel effectiviteit, worden ongewenste responsen zoals die optreden in autoimmuniteit,
voorkomen door verschillende mechanismen. Een ander T cel type – CD4+ T cellen – speelt een
cruciale rol in dat proces. CD4+ T cellen kunnen worden onderscheiden in regulatoire T cellen
(Treg) and conventionele T cellen (Tconv). Treg cellen gebruiken meerdere complementaire
mechanismen (besproken in Hoofdstuk 2) om sterke immuunonderdrukkende effecten
uit te oefenen, die ongewenste, mogelijk schadelijke CD8+ T cel responsen afremmen.
Aan de andere kant is de activiteit van CD4+ Tconv cellen vereist om optimale CD8+ T cell
responsen te starten en onderhouden, vooral die tegen kanker. De ‘hulp’ die CD4+ T cellen
geven aan CD8+ T cellen kan door verschillende mechanismen tot stand komen. In mijn
proefschrift heb ik me geconcentreerd op de centrale rol die CD4+ T cellen spelen in de vroege
fase van de CD8+ T cel respons. In dat stadium kunnen CD4+ T cellen een functionele uitrijping
teweeg brengen van dendritische cellen (DC), een ander immuunceltype dat de CD8+ en
de CD4+ T cel als een brug met elkaar verbindt. DC kunnen tumor-afgeleide eiwitmoleculen
verwerven, deze afbreken en als peptiden (antigenen) presenteren en daarmee een
antigeen-specifieke CTL respons initiëren. Naast het antigen, bieden geactiveerde DC ook
costimulatoire signalen and cytokines aan die de CD8+ T cel respons versterken.
Therapeutische vaccinatie wordt onderzocht als behandelingsmodaliteit in
kankerimmunotherapie. Het doel hierin is om een nieuwe CD8+ T cel respons tegen
de kankercellen op te wekken wanneer de kanker al aanwezig is, waarmee zelfs uitgezaaide
kankercellen zouden kunnen worden uitgeroeid. Als experimenteel model heb ik in mijn
studies voornamelijk een strategie gebruikt waarin de opperhuid werd gevaccineerd met
DNA coderend voor een eiwit dat is afgeleid van Humaan Papilloma Virus (HPV). Een peptide
uit dit eiwit kan worden gepresenteerd in een MHC klasse I molecuul aan CD8+ T cellen.
Muizenstudies in dat model en andere hadden al aangetoond dat het insluiten van peptiden
die aan MHC klasse II kunnen binden (en dus gepresenteerd worden aan CD4+ T cellen)
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noodzakelijk is om een optimale CD8+ T cel respons op te wekken die tot tumorafstoting
leidt. In Hoofdstuk 3 heb ik de roI van CD4+ T cel hulp onderzocht in het opwekken van een
CTL respons tegen een tumor. Ik heb aangetoond dat het insluiten van helper peptide, die
niet gerelateerd zijn aan de tumor, het opwekken van een CD8+ T cel respons zeer versterkte.
CD4+ T-cel hulp verbeterde de CTL respons door middel van CD27/CD70 costimulatie.
Een stimulerende antistof tegen CD27 kon direct op CD8+ T cellen inwerken en de helper
peptiden voor een groot deel vervangen, zodat toch primaire en geheugen CTL responsen
werden versterkt.
De voornaamste antistoffen die momenteel worden gebruikt voor het moduleren van
de immuunrespons in diverse kankertypen zijn gericht tegen de coinhibitoire receptoren
PD-1 and CTLA-4. Ik heb daarom onderzocht of het blokkeren van deze moleculen
de CD8+ T cel respons zou verbeteren in afwezigheid van CD4+ T cel hulp. Gecombineerde
blockade van PD-1 en CTLA-4 verbeterde de effectiviteit van het vaccin tegen de tumor niet.
Gecombineerde stimulatie van CD27 en blokkade van CTLA-4 verbeterde wel het opwekken
van tumorspecifieke CTL door het vaccin en hun aanwezigheid in de tumor. Desondanks
leidde alleen gecombineerde stimulatie van CD27 en blokkade van PD-1 tot complete
eliminatie van de tumor, net zoals het toevoegen CD4+ T-cell hulp de effectiviteit van het
vaccin verbeterde. Aangezien PD-1 blokkade het opwekken van een CTL respons of tumor
infiltratie niet bevorderde, suggereren deze gegevens dat PD-1 blokkade en CD4+ T-cell hulp
onderdrukking van CTL in de tumor ophieven.
Nadat ik had vastgesteld dat CD4+ T cel hulp nodig was om een tumor-specifieke CTL
respons op te wekken, heb ik in Hoofdstuk 4 onderzocht wat de cel-intrinsieke veranderingen
zijn die optreden in CTL als gevolg van de ‘hulp’ signalen. Om op een objectieve wijze
de mechanismen te ontdekken die CTL optimaliseren als gevolg van ‘hulp’, heb ik mRNAsequentie bepaling uitgevoerd van ‘geholpen’ en ‘niet-geholpen’ effector CD8+ T cellen.
Het opwekken van CD4+ T cel hulp verbeterde de cytotoxische, migratoire and metabole
functies van CTL. Geholpen CTL brachten meer effector moleculen tot uiting en minder
coinhibitoire receptoren van diverse aard. Dit resulteerde in een verbeterd vermogen
om tumorcellen dood te maken. Ik heb daarnaast ook aangetoond dat het opreguleren
van bepaalde chemokine receptoren and matrix metalloproteasen (MMP) op geholpen
CTL hun vermogen verbetert om zich te verplaatsen door het lichaam en weefsels binnen
te treden. Ik heb vervolgens ook aangetoond dat voornamelijk het CD27/CD70
costimulatoire signaalpad de effecten van CD4+ T cel hulp teweegbrengt. Hierbij was
het aanwezig zijn van CD27 op CD8+ T cellen and CD70 op DC vereist om het specifieke
effector programma te installeren in ‘geholpen’ CTLs.
Het opwekken van immunologisch geheugen is de basis van preventieve vaccinatie en
bescherming tegen herhaalde infecties met hetzelfde pathogeen. Geheugen CD8+ T cellen
blijven zeer lang behouden en hebben het vermogen om snel hernieuwd te responderen
als ze hun specifieke antigeen weer tegenkomen. Hoewel primaire CTL responsen worden
geclassificeerd als helper-afhankelijk or -onafhankelijk, is het opwekken van CD8+ geheugen
T cellen altijd afhankelijk van CD4+ T cell hulp. In Hoofdstuk 5 heb ik daarom onderzocht
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hoe CD8+ geheugen T cellen worden geoptimaliseerd als gevolg van ‘hulp’. Het afleveren van
CD4+ T cell hulp gedurende het opwekken van de CD8+ T cel respons resulteerde in hogere
frequencies van cellen die CTL geheugen typen representeren, in verschillende soorten
weefsels. Dit was het deels het resultaat van opreguleren van bepaalde cytokine receptoren
en het verbeterd lange termijn behoud van geheugen T cellen. In het bijzonder konden
‘geholpen’ CD8+ geheugen T cellen beter reageren op antigeen-onafhankelijke restimulatie.
We vonden ook dat ‘geholpen’ CD8+ geheugen T cellen een beter cel-intrinsiek vermogen
hadden om opnieuw expansie en effector differentiatie te ondergaan, als vergeleken met
‘niet-geholpen’ cellen. Bovendien was een groot deel van de moleculaire ‘hulp’ handtekening
hetzelfde in CTL in de primaire and secundaire respons. Aangezien de secundaire vaccinatie
gedaan werd in afwezigheid van CD4+ T cel hulp, heb ik de epigenetische staat van
‘geholpen’ CD8+ geheugen T cellen geanalyseerd. Het bleek dat als gevolg van CD4+ T cell
hulp veel effector genen een zogenaamde ‘poised’ staat verworven, die resulteerde in hun
verhoogde expressie na secundaire stimulatie. Deze gegevens verklaren waarom CTL die
‘hulp’ ontvingen gedurende hun initiële activatie, onafhankelijk waren van ‘hulp’ gedurende
de secundaire respons. Het aanleveren van CD4+ T cell hulp gedurende de initiële T cel
activatie deed CD8+ geheugen T cellen een erfelijk effector genexpressie programma
verwerven dat weer tot uiting kwam na secundaire stimulatie.
In dit proefschrift heb ik aangetoond wat de cel-intrinsieke eigenschappen zijn van
effectieve tumor-specifieke CTL en ook dat afwezigheid van CD4+ T cel hulp resulteert
in deficiënte anti-tumor immuniteit als gevolg van verschillende, voorheen onbekende
mechanismen. Ik heb het belang van CD4+ T cel hulp in het vroege stadium van de CTL
respons belicht en laten zien hoe CD4+ T cel hulp de effectiviteit van alle huidige kanker
immunotherapie strategieën kan verbeteren (Hoofdstuk 6).
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