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Simple Summary: T cells bearing the co-receptor CD4 on their cell surface are a heterogeneous
group of T lymphocytes that exert pro- or anti-inflammatory functions. Evidence from mouse models
and cancer patients reveal that various CD4+ T cell subsets play an antagonistic role in the antitumor
immune response. This review summarizes current knowledge on CD4+ T cell subsets, on how they
impact tumor growth in patients, and which role these cells play in newest cancer immunotherapies.

Abstract: Cancer immunotherapy activates the immune system to specifically target malignant cells.
Research has often focused on CD8+ cytotoxic T cells, as those have the capacity to eliminate tumor
cells after specific recognition upon TCR-MHC class I interaction. However, CD4+ T cells have
gained attention in the field, as they are not only essential to promote help to CD8+ T cells, but are
also able to kill tumor cells directly (via MHC-class II dependent recognition) or indirectly (e.g., via
the activation of other immune cells like macrophages). Therefore, immunotherapy approaches have
shifted from only stimulating CD8+ T cells to targeting and assessing both, CD4+ and CD8+ T cell
subsets. Here, we discuss the various subsets of CD4+ T cells, their plasticity and functionality, their
relevance in the antitumor immune response in patients affected by cancer, and their ever-growing
role in therapeutic approaches for human cancer.
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1. Introduction

In the last decade, T cell-based immunotherapy has evolved into an established
therapeutic tool in oncology. Alongside this milestone, efforts in translational research
have been boosted for further improving cancer therapies, extending the cancer types that
can be successfully treated, and providing individualized treatments tailored to patients’
needs. Main strategies currently followed are the use of checkpoint blocking antibodies,
adoptive transfer of T cells, and cancer vaccines.

Initially, CD8+ cytotoxic T cells were the focus of all these strategies, as these cells
have the capacity to directly kill tumor cells. However, CD4+ T cells should not be
underestimated. The development of antitumor CD8+ T cells depends on CD4+ T cell help,
which involves both dendritic cell (DC) licensing [1,2] and the production of interleukin
(IL)-2, the main growth factor for T cells. More recently, it has become clear that CD4+
T cells also have the ability to kill tumor cells directly and to coordinate the antitumor
function of innate immune cells such as macrophages [3,4]. Research on the impact of
CD4+ T cells in the antitumor response is complicated by the fact that a variety of CD4+ T
cell subsets with different functions have been described. In addition, differentiated CD4+
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T cells are very much sensitive to extrinsic signals and are able to quickly shift their effector
state, a phenomenon that is referred to as CD4+ T cell plasticity (reviewed in [5-7]). Finally,
identification and characterization of antigen-specific CD4+ T cells is more difficult than that
of CD8+ T cells, due to the absence of strict major histocompatibility complex (MHC)-class
II binding motifs and the promiscuity of peptide binding on several MHC-class II allelic
products. All this needs to be considered when studying the interplay of CD4+ T cells and
tumors, and when thinking of how to exploit CD4+ T cells in immunotherapy approaches.

2. Basics on CD4+ T Cells: Commitment, Plasticity, and Functions
2.1. Priming of CD4+ T Cells

Upon activation by professional antigen-presenting cells (APCs), like DCs, naive CD4+
T cells differentiate into various T effector cell subsets, and into memory CD4+ T cells. This
polarization is crucial for the immune response and is dependent on three complementary
signals: the interaction of the T cell receptor (TCR) of the naive CD4+ T cell with the
peptide:MHC-class II complex on the APC; a costimulatory signal, typically transduced
through binding of CD28 on the T cell with its ligands CD80/CD86 on the APC; and
the composition of the cytokine milieu. Cytokines, mainly produced by APCs, are well
known for their dominant role in CD4+ T cell fate. TCR signaling strength, and the T cell
costimulatory molecules and their interaction with specific ligands also influence lineage
differentiation. As an example, a strong TCR-mediated signal promotes predominantly T
helper (Th) 1 differentiation, while the Th2, follicular helper (Tfh), or memory T cell differ-
entiations are favored upon weak signaling [8,9]. The TCR signaling strength is regulated
by the affinity of the peptide: MHC-class Il and/or by the quantity of peptide:MHC-class
II complexes (peptide load) on the APC surface [8]. Moreover, the costimulatory signal
may influence polarization depending on the nature of the costimulatory molecule. As an
example, OX40 triggering drives Th2 differentiation [10,11]. The highly complex process of
CD4+ T cell polarization is therefore driven by multiple signals, whereby the individual
signals are probably hierarchically and temporarily apart to give rise to the various CD4+ T
effector cell subsets. Hence, the sequential order of these signals might impact the efficacy
of the T cell priming. For example, pre-exposure to a high amount of IL-2 was shown to
prevent TCR-dependent activation of CD4+ helper T cells [12].

2.2. Effector CD4+ T Cell Subsets and Their Identification

CD4+ T cells come in “many flavors”. The main CD4+ T cell subsets are Th1, Th2, Th17,
Th9, Th22, induced or natural regulatory T cells (iTregs and nTregs), and Tth cells; their
characteristics are summarized in Table 1 [13-20]. Many of these subsets can be derived
through in vitro cultures of uncommitted precursor cells in the presence of cocktails of
cytokines. Importantly, some cytokines secreted by one lineage act to inhibit alternate
differentiation. Altogether, three dominant cytokines IL-12, IL-23, and transforming growth
factor-3 (TGF-f3) have been proposed to control CD4+ T cell fate [14].

CD4+ lineages are defined by the expression of lineage-defining transcription factors
(TFs, or master regulators) that promote their characteristic phenotype. Specific signal
transducer and activator of transcription (STAT) proteins, a pattern of chemokine receptors
reflecting different homing properties, and various cytokine production profiles contribute
to their different functions [13,14]. Intracellular flow cytometry staining is one of the most
popular methods for addressing multi-cytokine production and simultaneously identifying
the producer cell subsets. Cell surface markers can also be used to substantiate subset
characterization, and are also included in Table 1.

In the context of antitumor T cell immunity, mainly Th1, Th2, Th17, and Tregs have
been characterized and discussed. This, however, does not exclude that other subsets
may be involved either in promoting, or in contrast, inhibiting innate or adaptive immune
effectors of the antitumor response. Some examples will be discussed in the next section.
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Table 1. Main CD4+ T cell subsets: markers, cytokines driving their differentiation, and effector cytokines.

Subset Name |  Surface Markers | Transcription Factors | Driving Cytokines |  Secreted Factors
Lineages
Th1 [14-16] CXCR3+ CCR6— T-BET+ IL-12, IFN-y IFN-vy, IL-2, TNF
CXCR3— CCR4+ IL-4, IL-5,
Th2 [13,15,16] CCR6— CD294+ GATA3+ IRF4+ IL-4 IL-9, IL-13
Th9 [13,15,16] IRF4+ PU.1+ IL-4, TGE- IL-9
CXCR3— CCR4+ TGF-pB, IL-6, IL-103, IL-17, IL-21,
Thi714-16] CCRé6+ CD161+ IL23R+ IRF4+ ROR-yt+ 1521, IL-23 ' 1L-22
Th22 [13-16] CCR10+ CCR4+ CCR6+ AHR+ FOXO4+ IL-6, TNF, IL-12, IL-23 1L-22
Tregs [13,15,16] CD17low/~ b2+ FOXP3+ TGF-B, IL-2 IL-10, TGF-
CD107a/b+ NKG2A+ Granzvme B
CD4+ CTLs [17] NKG2D+ CRTAM+ yme b
CD57+ perforin
GC-Tfh [15,18] CXCR5+ ICOS+ PD-1+ BCL6+ 1L-12, IL-23, TGF-f3 IL-21,IL-4
cTth [15,18] CXCR5+ ICOS+ PD-1+ BCL6— 1-21, IL-10, IL-2
Differentiation stages
CD45RA+ CD45RO—
Tn [15,16,19] CCR7+ CD95— CD27+
CD62L+
CD45RA+ CD45RO—
Teen [15,16,19] CCR7+ CXCR3+ CD95+
CD27+ CD62L+
CD45RA — CD45RO+
Tem [13,15,16] CD95+ CCR7+ CD27+
CD62L+
CD45RA— CCR7—
TEM /TRM [13,15,16] CD27low
CDé62LIlow/ —
CD45RA+ CCR7—
Temra [20] CD62Llow /—

Subset abbreviations: Th = T helper; Treg = regulatory CD4+ T cell, CTL = cytotoxic T lymphocyte, GC-Tth = germinal center T follicular
helper cell, cTth = circulating T follicular helper cell, Tyy = naive T cell, Tcy = central memory T cell, Tscy = T memory stem cell, Tpy = T
effector memory cell, Try = tissue-resident memory T cell, Temra = T effector memory cell re-expressing CD45RA. Abbreviations for
markers, transcription factors and cytokines: AHR = aryl hydrocarbon receptor, BCL6 = B-cell lymphoma 6, CRTAM = cytotoxic and
regulatory T cell molecule, CTLA-4 = cytotoxic T-lymphocyte-associated protein 4, C(X)CR = chemokine receptor, FOXP3 = forkhead
box p3, FOXO4 = Forkhead box protein O4; GATA3 = GATA binding protein 3, ICOS = inducible T-cell costimulator, IL = interleukin,
IEN = interferon, IRF4 = interferon regulatory factor 4, NKG2A /D = natural killer group 2 member A/D, PD-1 = programmed cell
death protein-1; PU.1 = purine-rich box-1, ROR-yt = RAR-related orphan receptor gamma, T-BET = T-box protein expressed in T cells,

TGE-B = transforming growth factor 3, TNF = tumor necrosis factor. References are given in uppercase brackets.

Differentiation into Th1 cells is induced by IL-12 and interferon-y (IFN-y). Th1 cells

express the TF T-BET, which drives IFN-y production. Together with IL-2 and tumor
necrosis factor (TNF), IFN-y activates macrophages and the recruitment, expansion, and
functions of cytotoxic CD8+ T cells (CTLs). Th1 cells are well known to control immune
effector functions against intracellular pathogens [13,14].

Th2 cell differentiation is mediated by IL-4 as the major cytokine driving GATA3 ex-
pression, the lineage-specific Th2 TF. IL-4 is not commonly produced by DCs, but by some
innate lymphocytes and basophils. In addition, alarmins produced by epithelial cells, like
IL-33 or IL-25 have been proposed to directly (Th2 cells can express cognate receptors) or
indirectly (via the activation of other immune cell types like DCs or innate lymphocytes)
promote Th2 differentiation. Th2 cells mediate effector functions against extracellular
parasites and activate tissue repair via the secretion of the anti-inflammatory cytokines
IL-4, IL-5, IL-9, and IL-13 (for a recent review on Th2 cells, see [11]).

Priming in the presence of TGF-f3 and IL-6, but also IL-1(3, IL-21, and IL-23 drives
differentiation towards Th17 cells, leading to the expression of the TF retinoic acid receptor-
related orphan receptor (ROR)-yt. Th17 cells are essential for immunity against extracellular
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pathogens, like bacteria and fungi, and mediate their proinflammatory function by secretion
of IL-17A and F, IL-21, IL-22, and CC-chemokine ligand (CCL) 20 [21].

TGF-f in combination with IL-2, and in the absence of IL-6, drives the differentiation
of iTregs expressing FOXP3. iTregs are phenotypically CD4+CD25+CD127 (the x-chain of
the IL-7 receptor) low/—, and generally FOXP3+ [22]. Tregs can mediate their suppressive
function via a range of mechanisms, including the secretion of immunosuppressive factors
like IL-10 and TGF-f or the local deprivation of factors essential to effector T cells, such as
IL-2 or ATP. Additionally, Tregs express inhibitory checkpoint molecules like CTLA-4 or
TIGIT that can contribute to contact-dependent inhibition of immune effector cells [21].

2.3. CD4+ T Cell Memory and Cytotoxic Potential

Once the effector phase of a T cell response terminates, a small fraction of long-lived
memory T cells remains. In the blood, memory T cells can be classified into central memory
(Tem), effector memory (Tgy), and effector memory cells re-expressing CD45RA (Temra),
which all are thought to be derived from stem cell-like precursors (Tscy). Within tissues,
resident memory cells (Try) have also been described [13,19]. The main phenotypic
markers for each of these differentiation stages are listed in Table 1.

Naive T cells (Ty) can be identified by the expression of CD45RA together with
the chemokine receptor CCR7, CD62L, and CD27, and the lack of CD45RO, whereas
memory T cells usually lack CD45RA [23]. Originally, two CD4+ memory subsets have
been discriminated in the blood [24]: CD45RA-CCR7+ Ty have the capacity to home in to
lymph nodes, a high potential for secondary expansion, but weak immediate functionality;
CD45RA-CCR7— Ty exert immediate effector functions and produce various cytokines
e.g., IL-4, IL-5, and IFN-y. Although rare in the periphery of most healthy individuals,
CD4+ Tgmra cells have been identified in the context of viral infections where they are
associated with virus control [25,26].

In addition to Tgp cells found in the blood, a subset of tissue-resident CD4+ Tgy cells
has been described within several organs such as the skin, the gut, or the lung. Like CD8+
Trm, which have been characterized in more detail so far, these cells express specific surface
molecules like the integrin CD103 and/or the activation marker CD69, and are thought
to serve as a first-line defense in barrier organs (for a recent review on CD4+ Try cells,
see [27]). Whether they can be targeted in cancer immunotherapy is being discussed [28].
Another memory subset that could be favorably exploited in oncology is Tscw, since these
cells are long lived, capable of self-renewal, and able to give rise to Tcn, Tem, and effector
T cells. Tscy mainly display a naive-like phenotype (CD45RA+CCR7+CD62L+CD27+, and
CD28+), but express markers of activated T cells like CD95, CXCRS3, or elevated levels of
LFA-1 [29].

Although they are less recognized than their CD8+ counterparts so far, CD4+ CTLs
appear to be bona fide killer cells able to secrete granzyme B and perforin and also capable
of killing target cells in a MHC-class II restricted manner [30,31]. After activation and
degranulation, they express LAMP-1 (CD107a) at the cell membrane, as their CD8+ CTL
counterparts do [20,26]. MHC class I-restricted T cell-associated molecule (CRTAM) has
also been proposed as a marker for identifying CD4+ CTLs [32]. CD4+ CTLs appear to be
highly or terminally differentiated effector cells (at least of the Th1l subset) and are found
mostly in Tgpra subpopulations [20,33]. These cells have been essentially described in the
context of virus infections [26,30,31].

2.4. Plasticity of CD4+ T Cells

CD4+ T cell differentiation into the various subsets was originally believed to be a
terminal event. This scholastic model of an irreversible T cell lineage differentiation has
been considerably revised in recent years. Numerous studies have shown that T cell subsets
are not at all terminally differentiated but rather plastic and able to acquire different prop-
erties and functions particularly in the setting of secondary immune responses (reviewed
in [28]). Loss of FOXP3 expression by Tregs has been described as well [5,34], and especially
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FOXP3+ Tregs and Th17 helper cells show high plasticity and are able of reciprocal differen-
tiation. Further, Th17 cells can also gain a Th1 phenotype [7]. Beyond that, cells of various
Th subsets were shown to not only express their lineage-specific cytokines and TFs, but
simultaneously those of other Th lineages, making them similar to hybrid cells [5]. Under
certain circumstances, even helper cells can acquire suppressive hallmarks, like Th1 cells
that produce IL-10, a possible self-regulation mechanism to prevent immunopathology [35].
IL-12 can induce IL-10 in Th1 clones, which was shown to regulate overshooting immune
responses, indicating that IFN-y/IL-10 producing Th1 cells have a regulatory function.
Those cells were named type 1 regulatory (Trl)-like T cells and are crucial in maintaining
tissue integrity.

Plasticity and flexibility of CD4+ T cells are influenced by a number of extrinsic (e.g.,
cytokines) and intrinsic factors that are all far from being identified. STAT proteins control
the expression of lineage-specific TFs, and also drive epigenetic changes like histone mod-
ifications or DNA methylations that open certain DNA regions for transcription [36]. In
addition, micro (mi) RNAs are involved in the control of CD4+ T cell differentiation. Inves-
tigations on the factors involved in Th17 instability are most advanced [37]. Hence, DNA
remodeling enzymes and miRNAs might be targets for therapeutic manipulation, but first
we need to gain a clearer picture on their target genes and develop highly specific drugs.

Thus, recent studies have shown that Th subsets are more flexible than originally
thought. Even if most of these observations derive from in vitro models, they indicate
that antigen-experienced human CD4+ T cell subsets are not stiff but plastic and could be
manipulated. This is obviously of high importance for translational immunology: on the
one hand, it makes our comprehension of antitumor T cell responses more nuanced, from a
black-and-white to a more colorful picture; on the other hand, it opens perspectives for
manipulating T cell responses ex vivo or in vivo [37]. The obvious application in tumor
immunotherapy would be to shift the balance to more Th1, and less Treg cells. Early clinical
testing of various classes of TGF-3 inhibitors is for example ongoing. Ex vivo engineering
of T cells for increasing functionality and lineage stability is also a feasible option to be
explored for adoptive cell transfer.

2.5. Lessons from Immunity and Vaccination against Pathogens

Not only the quantity, but also the quality of T effector cells is essential to an effective
immune response. Polyfunctional Thl cells (IFN-y, TNF, and IL-2 producers) appear
to better control virus load (e.g., CMV, HIV, HCV, and Flu) than monofunctional cells,
and to contribute to vaccine efficacy [38—41]. They express higher levels of cytokines per
cell, show increased CD40L expression, and most interestingly, are enriched in cytotoxic
effectors [42,43]. In yellow fever vaccination, which confers protection for decades, CD4+ T
cells respond faster to the vaccine than CD8+ T cells [44], and this could be an important
aspect in the development of high-quality immune responses and protection. Moreover,
polyfunctional effectors appear to have a distinct transcriptional signature associated with
immune activation, cytokine signaling, and lymphocyte chemotaxis, potentially controlled
by IL-27 [45]. All these findings suggest that cancer immunotherapy approaches should
also strive for stimulating multifunctional effector T cells.

3. CD4+ T Cells in Cancer: Multipotent Effectors Orchestrating Antitumor Immunity

The helper functions of CD4+ T cells towards CD8+ T cells are well known: CD4+ T
cells are essential for the activation and expansion of CD8+ effectors and for the generation
and maintenance of CD8+ T cell memory [46,47]. In the tumor context, they might also
participate to epitope spreading and amplification of the CD8+ T cell response.

In addition, CD4+ T cells have the ability to control tumor growth in different ways,
even in the absence of MHC-class II on the tumor cells [48,49] (Figure 1). MHC-class II
molecules are preferentially expressed on APCs and neoplasms derived from APCs. How-
ever, tumors from other origins can express relevant amounts of MHC-class II molecules,
most likely in relation to inflammatory conditions within the tumor microenvironment
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(TME). Such MHC-class II+ tumors can be directly killed by CD4+ CTLs [3,50]. For the
elimination of MHC-class II negative tumor cells, CD4+ T cells display a number of other
functions. The most important cytokines involved in this indirect control pathway are
TNF and IFN-y (both mainly produced by Th1 cells), which can act on immune and non-
immune target cell types (Figure 1). CD4+ T cell effectors can activate M1 tumor-associated
macrophages (TAMs) to produce nitric oxide (NO) [4,51], or partner with natural killer
(NK) cells [48]. Tumor development and spreading can be impaired either via inhibition
of angiogenesis [52] and /or induction of growth arrest, known as tumor senescence [53].
Whether one of these mechanisms dominates the antitumor CD4+ T cell response in certain
tumors at certain stages, or rather several of them can be involved simultaneously in
individual tumors is not known.

Indirect tumor killing
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Figure 1. Overview of CD4+ T helper cell tasks in antitumor immunity. After priming and differentiation, effector cytotoxic
CD4+ T cells can kill MHC-class II+ tumors directly by, e.g., the release of perforin and granzyme (left). CD4+ Th cells
produce IFN-y, TNF, and IL-2, which have pleiotropic effects on immune or non-immune cells in the TME (right). Activated
CD8+ CTLs and NO-producing macrophages participate in tumor elimination and amplify local antitumor immunity via
the release of further tumor antigens. IFN-y and TNF drive tumor senescence and inhibition of angiogenesis. Activated B
cells are found in human tumors, however, their exact function is still unclear (dotted line). Created with BioRender. Ag:

antigen; NO: nitric oxide.

Tumor antigens that are recognized by CD4+ T cells can be non-mutated or mutated.
Some examples in cancer patients will be given below, but according to mouse experiments,
neoantigen recognition appears to play a major role in tumor control [54].

Most of the reports describing these modes of action of antitumor CD4+ T cells are
based on mouse or in vitro models. However, is there any evidence that CD4+ T cells
indeed play a relevant role in cancer patients?
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3.1. Evidence from Human Tumors

The more informative approach is to “look within tumors”, i.e., to assess immune
cell infiltrates in tumor tissues collected from large patient cohorts. This can be done by
immunohistochemistry and real-time PCR analysis of surgically removed tissues. In early
seminal observations, lymphocytic infiltration into tumor tissues had been related to better
prognosis [55,56]. Later, intra- or peri-tumoral CD3+ T cells, CD8+ T cells, Th1 cytokines
(especially IFN-y), and an “inflamed gene signature” were also shown to associate with
improved clinical outcome [57,58]. As recently reviewed [59], it is currently recognized that
the presence of Th1 (and IFN-y) within tumor-infiltrating lymphocytes (TILs) generally
associates with a better clinical outcome. The picture is not as clear for Th2, Th17, or even
Treg cells. Intratumoral expression of GATA-3, the Th2 TF, has been associated with either
reduced (e.g., pancreatic carcinoma) or enhanced (e.g., breast cancer) survival [60,61]. As
another example, Th17 infiltration, alone or together with Thl TILs, has been associated
with either improved (in ovarian or oropharyngeal cancers [62,63]), or with worse (in
colorectal carcinoma [64]) prognosis. Depending on the study, Tregs are either favorable,
unfavorable, or do not have any impact on patient survival [59]. Methodological tools (e.g.,
whether anti-FOXP3 antibodies (Abs) alone or together with CD25 Abs are used for Tregs
identification) might explain, at least partially, these apparently contradictory observations.
Not only the mere number of cells of each subtype, but also their proportion to the other
intra- or peri-tumoral subsets may deliver more informative results: for example, the
CD8+/Treg cell ratio, rather than each of the two subsets separately, has been shown to
predict survival in cervical cancer [65].

Th9 cells are potent antitumor effector cells when adoptively transferred in mice [66],
but their impact on human tumors is not yet established. Other potentially relevant cells
are cytotoxic CD4+ T cells. Single cell RNA sequencing (scRNA-seq) revealed that several
states of cytotoxic CD4+ T cells are present within human bladder cancer and that a specific
gene expression signature associates with response to PD-L1 Ab therapy [50]. More studies
on the presence and function of CD4+ CTLs within the TME are needed for identifying the
exact impact of this population in human cancer.

Various reports point out that virtually all immune cell types can be found within the
TME, but we are far from understanding which functions these various cells may exert
and how they interact together with growing tumors. In addition, the organization of
the immune cells within the tumoral tissue might be a central element for generating a
productive immune response. Tertiary lymphoid structures (TLS) are present in many
cancer types and can predict disease outcome [67]. TLS not only contain DCs and Th1 cells
but also B-lymphocytes and Tth cells. Both latter types of cells have recently been reported
to predict improved outcome, in particular during checkpoint blockade [68-71]. How
B cells could impact cancer growth is not known (Figure 1), but it is well established
that IgG Abs directed at numerous tumor-associated antigens are frequently detected in
cancer patients.

3.2. Antitumor CD4+ T Cells in the Blood of Patients and Systemic Biomarkers of Therapy Responses

Tumor samples are not always available, especially for repeating immune measure-
ments over time. Even if not representing the main “place of action”, blood samples (e.g.,
liquid biopsies) are easier to collect and handle. Current hopes are that blood could help
to identify immune markers that predict clinical response at baseline or at an early time
during treatment [72]. From the technical point of view, standardization of blood immune
cell testing is highly feasible, and T lymphocytes or other cell subsets can be robustly
assessed by multiparametric flow or mass cytometry analyses [15,73].

Naturally occurring CD4+ T cells directed at tumor-associated or -specific antigens
can be detected in the blood of cancer patients, but the impact of these T cell responses on
clinical outcome is just starting to be investigated. For example, spontaneous Th1 responses
against the telomerase reverse transcriptase (TERT) antigen are observed in approximately
one-third of patients with non-small cell lung carcinoma (NSCLC, preferentially at localized
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stage). These cells are associated with increased overall survival (OS), while antiviral T
cells in the same patients have no predictive value [74]. Another example is the CD4+ T
cell immunity against human papilloma virus (HPV-16): while strong E2- and E6-specific,
Th1/Th2 mixed CD4+ T cell responses are frequently detected in healthy women, they are
absent or strongly impaired in patients with cervical cancer [75]. Such kind of observations
cannot per se conclude whether these tumor-antigen specific T cells are directly involved
in tumor control, or if they rather reflect a “fitter” antitumor immunity, but this question
can be addressed in vaccination approaches (see next section). In contrast, circulating
anti-Melan A CD4+ T cells producing IL-4 or IL-17 were associated with worse 5-year
survival in metastatic melanoma patients, while anti-NY-ESO-1 CD4+ T cells (mainly TNF
producers) did not have any impact [76].

Another very active area of study is the search for immune cell subsets, which impact
a clinical course and/or response to treatment. Markers of T cell function (including Treg
populations) and T cell exhaustion (mainly within the CD8+ subset so far) are especially
in focus. For example expression of PD-1, TIM-3, and LAG-3 on TILs was significantly
associated with shorter survival in several tumor types, and with insensitivity to PD-
1 blockade [77,78]. Although others and we found that the expression of checkpoint
molecules on CD4+ (and CD8+) blood T cells hardly reflects that of TILs [79,80], it is hoped
that meaningful information can still be obtained by analyzing blood cells.

Among more than 20 immune parameters assessed in the above-mentioned study
addressing anti-TERT CD4+ T cell immunity, anti-TERT Th1 responses inversely correlated
with the frequencies of CD4+ cells coexpressing PD-1 and TIM-3, and patients with high lev-
els of anti-TERT CD4+ but low CD4+PD-1+TIM-3+ cells had a significantly better progno-
sis [74]. In another NSCLC study, higher percentages of peripheral CD4+CD62L1°% T cells
(with a Th1 profile) pretreatment were strikingly associated with response to PD-1 block-
ade, whereas CD25+FOXP3+CD4+ T cells were increased in non-responders. Taking these
two subsets into account, the authors proposed a formula for predicting non-responder
patients. Moreover, high levels of CD4+CD62L1°" were maintained in long-responder
patients, whereas acquired resistance to therapy was associated with a decrease of this
population [81].

Immune biomarkers could be of great help to identify responding patients or to
predict toxicities, not only before, but also during the first cycles of treatment. Most studies
aiming at identifying such predictive parameters have been performed so far on patients
receiving checkpoint inhibitors (CPIs). Changes in absolute counts or frequencies of certain
peripheral immune cells and appearance of distinctive phenotypes could indicate the
development of a protective immune response [82]. Specifically for CD4+ T cells, elevated
frequencies have been described to associate with longer OS in melanoma patients after
Ipilimumab (anti-CTLA-4 Ab) therapy [83]. In another recent study in mice and patients,
mass cytometry with more than 40 different Abs and systems-wide analysis revealed that
tumor rejection upon immunotherapy is accompanied by a number of systemic quantitative
and qualitative changes in various immune cell subsets. Strikingly, CD4+ T cells were the
main contributors to effective responses. In melanoma patients who received Ipilimumab
(together with GM-CSEF), elevated levels of CD4+CD127°"PD-1-cells were found in the
blood of responders, but not non-responder individuals [84].

Other current promising strategies for biomarker identification exploit progresses
in high-resolution methods such as scRNA-seq or TCR clonotypic analyses [85,86]. All
these high-dimensional methods require specific technical expertise, which is available at
expert laboratories only, and at this stage not yet harmonized across centers. In the near
future, they should allow a comprehensive view on relevant immune cells and on dynamic
changes of these cell subsets in the blood upon immunotherapy. They will also reveal if,
and to which extent, immune biomarkers are common between tumor types and across
therapies, and hopefully define a set of blood parameters that can be broadly assessed in
daily practice.
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4. Harnessing CD4+ T Cells for Inmunotherapy

There are many approaches of immunotherapy: checkpoint blockade is the standard
treatment for a growing number of cancers, and research on how to combine and /or manip-
ulate further inhibitory or activating T cell co-receptors is actively ongoing [87]. Although
logistically more demanding, adoptive transfer of large numbers of in vitro expanded
antitumor T cells, either native or genetically modified, is also an option. At the forefront,
chimeric antigen receptor (CAR) T cells are already approved for some hematological
malignancies [88]. Finally, antitumor vaccines, which are designed to specifically activate
patients” T cells in vivo by administering synthetic peptides, nucleic acids, antigen-loaded
APCs, or viral-based vectors are being actively tested [89].

4.1. Checkpoint Blockade

One of the main escape mechanisms of tumor cells is the expression of ligands of T cell
inhibitory receptors. CPI Abs, which mainly target the inhibitory molecules CTLA-4 and
PD-1/PD-L1 so far, enhance antitumor T cell activity, especially in tumors with a high
mutational load like melanoma or NSCLC [90,91]. As CD4+ and CD8+ TILs readily express
a number of checkpoint molecules [79,80], both T cell types should be reactivated after CP1.

In vitro blocking experiments can be performed, but in general, effects on either CD4+
or CD8+ TIL function are relatively modest. As an example, we could observe modest
CD8+, but not CD4+, T cell reactivation after dual PD-1, and LAG-3 Ab blockade in TILs
from some renal cell carcinoma patients. Interestingly, treatment with anti-PD-1 also led
to upregulation of LAG-3 (but not TIM-3) on both CD4+ and CD8+ TILs within three
days [80].

Whether CD4+ T cells, and which subsets thereof, are targeted in cancer patients
treated with CPI can be addressed in biomarker studies either within the tumor itself, or
in the blood as discussed in the previous section. It is important to note that CTLA-4 vs.
PD-1/PD-L1 blockade appears to engage different effector cell subsets, but that a growing
number of studies are revealing the role of CD4+ T cells in responder individuals. By ana-
lyzing TIL populations with high-dimensional mass spectrometry, Wei et al. observed that
both PD-1 or CTLA-4 blockade in mouse tumor models and human melanoma drove the
expansion of “exhausted-like” CD8+PD-1+TIM-3+ T cells. In addition, CTLA-4 blockade
specifically induced CD4+ effectors with an ICOS+ Th1-like phenotype [92]. ICOS had
been shown to be upregulated on TILs and peripheral CD4+ T cells in patients receiving
Ipilimumab [93]. In another report, tumor-infiltrating T cells present before and after
anti-PD-1 therapy (Pembrolizumab) in patients with basal or squamous carcinoma were
compared by scRNAseq combined with TCR clonotyping analysis. The main finding
of this study was that checkpoint blockade induced an influx of new T cell clones into
the tumor tissue, which were identified as activated/exhausted tumor-specific CD8+ T
cells (PD1+TIM3+CD39+CD103+); interestingly, the frequency of CXCR5+ Tth was also
increased after treatment [86]. When looking for intratumoral differences between patients
responding or not responding to PD-1 Ab treatment, Ribas et al. also found that the fre-
quencies of CD4+ T cells expressing CD57 (a marker generally associated with terminal
differentiation and exhaustion of CD8+ T cells) was increased in non-responder TILs, sug-
gesting that CD4+ T cell dysfunctionality associates with tumor progression [94]. Whether
CPI also recruits CD4+ CTLs is not yet known, but the expansion of NY-ESO-1 specific,
EOMES+ CD4+ T cells able to lyse autologous tumor cells in a MHC-class 1II restricted
manner was described in melanoma patients after Ipilimumab infusion [95].

Finally, Tregs also express checkpoint receptors, especially high levels of CTLA-4.
Whether CTLA-4 Abs can lead to Treg depletion in vivo is still discussed, and assessments
of Tregs within tumors following therapy led to opposite results [96,97]. Altogether, effects
on Tregs seem to be depending on the ability of anti-CTLA-4 Abs to induce antibody-
dependent cell-mediated cytotoxicity (ADCC). This is likely governed by their binding
to Fc-receptors (FcRs), hence by the Ab isotype (Ipilimumab is an IgGl1 isotype), the
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polymorphism of FcRs, and possibly the presence of certain FcR+ cell types like CD16+
non-classical monocytes [96,98].

4.2. Adoptive Transfer Approaches

In early mouse experiments, the adoptive transfer of in vitro expanded tumor antigen-
primed T effector cells showed that CD4+ T cells are needed to augment CD8+ T effector
responses. CD4+ T cells, moreover, were superior in infiltrating and in proliferating in
tumor tissue, highlighting their importance in the local antitumor immunity [99]. TIL
adoptive transfer was, together with IL-2 infusion, one of the pioneer anticancer im-
munotherapies in patients. In most of the ongoing clinical studies, mixtures of in vitro
expanded effector T cells are reinfused to the patients. High numbers of cells, with a
high proportion of CD8+ T cells, and an effector phenotype have been associated with
objective clinical responses [100]. Approximately 20% of TIL products were shown to
contain antitumor CD4+ effectors in melanoma patients, although little attention was given
to CD4+ T cells in the past [101]. Still, treatment of single patients with clonal or bulk
TIL-derived CD4+ T cells already suggests that infusion of large numbers of CD4+ T cells,
might, at least in certain cases, suffice for controlling tumor growth. One study reports on
a patient with metastatic melanoma who received autologous NY-ESO-1 directed CD4+
cloned T cells and experienced a durable clinical response [102]. More recently, another
patient with metastatic cholangiocarcinoma received a TIL product containing CD4+ T cells
specific for a mutation in erbb2 interacting protein (ERBB2IP). After initial tumor control,
the patient relapsed, and a second cell transfer with enriched anti-ERBB2IP CD4+ T cells
led to durable clinical response [103]. Expansion and persistence of CD4+ T cells directed
against another tumor-specific mutation (BRAF) has also been observed in another patient
who achieved long-term tumor control after TIL transfer [104].

Although it should not be concluded from these few cases that CD8+ T cells are
dispensable, they suggest that for certain patients, for example when no autologous CD8+
T cell product with tumor reactivity can be derived, CD4+ T cell-based therapy could be
helpful. One key element for clinical effect might be the capacity of transferred CD4+ T
cells to induce epitope spreading, and to recruit and support further immune effectors like
antitumor CD8+ CTLs.

With the breakthrough technology of using engineered T cell receptors like CARs, new
opportunities of adoptive transfer immunotherapy are now available, which are also being
extended to the use of CD4+ T cells. CAR T cells generally contain a mixture of transduced
CD8+ and CD4+ T cells. The generation of CAR T cells out of blood products harbor-
ing a higher frequency of memory CD8+ T cells (CD8+CD45RO—CD27+) and a higher
CD4+/CD8+ ratio was associated with better in vivo expansion and clinical response in
multiple myeloma patients [105]. Furthermore, preclinical models described that CD4+
CART cells persist and keep their effector potency much longer after tumor challenge; they
might even outperform CD8+ CAR T cells, especially at high tumor load [106,107]. CD8+
T cell help, production of inflammatory cytokines and lower susceptibility of CD4+ T cells
to exhaustion might explain these observations. Indeed, in vitro, CD4+ CAR T cells were
shown to exert cytotoxic activity against tumor cells, although at a lower level than CD8+
CART cells, but to produce more IFN-y and TNEF, and to proliferate more extensively upon
contact with tumor cells [108].

Altogether, these findings identify and support the importance of CD4+ T cells as a
highly potent and clinically important subset for effective T cell-based adoptive therapy.

4.3. Cancer Vaccines
4.3.1. MHC-Class II Epitope Discovery Approaches

The target structures of CD4+ T cells are peptides presented by MHC-class Il molecules.
Meanwhile, a number of MHC-class II epitopes have been described. As for MHC-class
I CD8+ T cell epitopes, they can be derived from tumor-associated antigens (TAAs) or
tumor-specific antigens (TSAs). TAAs are non-mutated self-antigens that are overexpressed
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in tumor cells or expressed in particular organs. TSAs, or neoantigens, can be mutated
proteins or unique sequences derived from, e.g., alternative splicing, non-coding regions, or
wildtype sequences presented in tumors with deficiencies in the antigen-presentation path-
way [109-111]. Tumor-specific mutated antigens resemble foreign proteins and therefore
seem to be ideal targets, especially for CD4+ T cells [112,113]. Since most of the mutations
that accumulate within a tumor cell are unique, such approaches require a high level of
individualization, coupled to sophisticated methods like whole genome sequencing and
downstream in silico prediction of MHC-binders [109,114].

One limitation in the identification of CD4+ T cell epitopes is that current prediction
tools for MHC-class II peptide binding do not perform as precise as for MHC-class I. This
is likely due to the variable length of ligands, highly polymorphic allelic products, and
degenerated binding motifs for MHC-class II molecules [115,116]. A second problem is
that only a small number of mutated peptides will eventually be presented on tumor
MHC-molecules, and among them not all will be immunogenic (<1% for MHC-class I, may
be more for MHC-class II) [112,117,118]. Finally, individual tumors tend to not express
mutations that can be presented on patients” MHC-allelic products, a phenomenon that is
attributed to immunoediting. This is true for MHC-class 1 [119], but seems to be even more
pronounced for MHC-class II [120], pointing out, once again, the importance of CD4+ T
cells in the natural antitumor immunity. Hence, tumors with low mutational burden rarely
present neoantigens.

Tandem mass spectrometry (MS/MS) of MHC-ligands remains the only method for
identifying truly presented tumor peptides. MHC-class II ligands can be isolated from a
high number of cancer types [120-122]; these ligands do not necessarily originate from the
tumor cells themselves and might be also derived from stroma and infiltrating immune
cells. Still, among these, differential immunopeptidomics and RNA-seq analyses in benign
vs. tumor tissues repeatedly identify tumor-specific sequences [122,123]. The MS/MS
approach is especially useful for identifying candidate epitopes, which can be implemented
in semi- or fully personalized immunotherapy [114].

4.3.2. Targeting CD4+ T Cells with Vaccines

It is widely accepted that the simultaneous stimulation of both CD8+ and CD4+ T
cells is the best strategy for therapeutic vaccination, since, as described above, both cell
types are required for a long-lasting immune response and can synergize to fight tumor
cells. In early vaccine trials, when candidate tumor-relevant MHC-class II peptides were
not yet identified, attempts to provide CD4+ T cell help were carried out by providing
foreign proteins like keyhole limpet hemocyanin or tetanus toxoid. Meanwhile, CD4+
T cell activation has evolved as an essential goal of cancer vaccines, whereby two main
strategies are used. The first relies on the use of synthetic peptides, either as a mixture of
exact MHC-class I and -class II ligands [124,125], or (overlapping) synthetic long peptides
(SLPs) [126-129]. The second approach uses nucleic acids (DNA or RNA) encoding for the
relevant antigens or fragments thereof. The advantages and drawbacks of these approaches
have been discussed elsewhere [89,130,131].

Although the best anticancer vaccination strategy has not yet been identified (e.g., the
vaccine basis, adjuvants or injection scheme), a number of clinical studies have demon-
strated that targeting CD4+ T cells is safe. In our experience, antivaccine CD4+ T cell
responses are often stronger than CD8+ T cell responses and also last longer, even after
vaccination completion [128,132].

However, more importantly, is vaccine-induced CD4+ T cell activation needed, and is
it clinically effective?

Cancer vaccine studies are mostly early phase I/1I clinical trials that include a limited
number of patients and are often non-randomized. It is therefore difficult to specifically
address the impact of CD4+ T cells on the clinical outcome. Still, some evidence can be
collected in different settings. After treatment of prostate carcinoma patients with the
FDA-approved Sipuleucel-T (a whole cell vaccine loaded with the fusion protein prostatic
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acid phosphatase and GM-CSF), decrease in the PSA serum level was positively corre-
lated with an increased expression of Thl (and CD8+) genes within tumor infiltrating T
cells [133]. More information can be gleaned from vaccines with long peptides, which
predominantly activate CD4+ T cells. Pioneer studies using a single (mutated) Ras SLP
together with GM-CSF showed robust CD4+ T cell responses and surprisingly long survival
of pancreas carcinoma patients after vaccination [134,135]. In a different setting, vaccina-
tion with overlapping HPV-16 E6 and E7 peptides emulsified in Montanide ISA-51 was
performed in patients with vulvar intraepithelial neoplasia. Both CD8+ and CD4+ antivac-
cine T cell responses were induced, but complete responders showed significantly higher
numbers of HPV-16-specific IFN-y producing CD4+ T cells than patients with no clinical
response [127]. Another very relevant observation of the same group was that a subset
of CD4+CD25+FOXP3+ cells, possibly vaccine-specific, was expanded in non-responding
patients [136]. This suggests that targeting CD4+ T cells by vaccination might lead to
in vivo stimulation of suppressive, instead of effector, CD4+ T cell subsets. We currently
do not know if the nature or dose of the antigen, the scheduling of the vaccine applications,
and/or patient-specific immune characteristics are impacting the development of antivac-
cine Tregs; this needs to be more thoroughly investigated. In a randomized melanoma
study, MHC-class I and -class II peptides were administered with GM-CSF either alone
or together. The CD8+ T cell response rate was clearly lower when patients also received
MHC-class II peptides (43% vs. 28%), however, no difference in OS could be observed
between study arms [124]. The only parameter that was found to associate with OS was
immune response to the MHC-class II peptides, and MHC-class I epitope spreading was
detected in a good proportion of these patients [137].

Latest personalized approaches indicate that preferentially CD4+ T cells are induced
or boosted in vivo with either RNA- or SLP-based neoantigen vaccines [126,138]. They
also suggest that long-term clinical benefit can be reached and that combination with
checkpoint Abs could have synergistic effects [125,126,138]. In a larger recent study in-
cluding 60 selected patients with tumors of high mutational load (NSCLC, melanoma, and
bladder carcinoma), a combination of PD-1 blockade with individual multi-SLP vaccines
showed an excellent safety profile, and induced the development of CD8+ and CD4+
neoantigen-specific effector T cells (with CD107a cell surface expression in both T cell
types) and epitope spreading [139]. Favorable progression free survival times were also
noted, but due to the study concept, it could not be attributed to the checkpoint blockade,
the vaccine, or the combination of both. All of these recent observations are encouraging,
but are not designed for assessing clinical efficacy, and have been performed in different
patient cohorts, with different vaccine components, routes, and schedules. Hence, we need
to wait for more, when feasible, multiarm trials, to pinpoint the exact role of effector CD4+
T cells in neoantigen-based vaccination.

4.4. Immunoediting by CD4+ T Cells?

According to the concept of immunoediting, elimination of tumor cells by the immune
system will eventually lead to the emergence of new tumor cell clones able to avoid this
attack. Hence, if natural or therapy-induced antitumor CD4+ T cells are meaningful for
tumor growth control, tumor cell escape should be detectable. Indeed, as mentioned
above, frequent driver mutations were predicted to be generally poorly presented by
MHC-II allelic products, and MHC-II allelic products in individual patients have a low
predicted binding capacity for peptides derived from mutations expressed in their own
tumors [120]. This immune-driven shaping might depend on the sex and age of the
patients, since potential MHC-II-mutated ligands were found to be reduced in women
and younger patients vs. older men [140]. Following immunotherapy, the loss of CD8+ T
cell targets has been documented, however, we do not know yet whether tumor antigens
recognized by therapy-induced CD4+ T cells can also become altered or lost. Simultaneous
targeting of several antigens should minimize the risk of tumor escape, and ongoing efforts
demonstrate that this is feasible in a patient-individualized manner.
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5. Conclusions

CD4+ T cells are now recognized as essential and pleiotropic effectors in the antitumor
immune response. An increasing number of clinical studies incorporate this knowledge
in order to develop more efficient drug products, and evidences are accumulating that
CD4+ T cell subsets are the main players in various cancer immunotherapies. However,
we still need to learn how to recognize and exploit the many faces of CD4+ T cells. Com-
prehensive studies of immune cell subsets in selected patient cohorts should increase
our understanding of which subpopulations of CD4+ T cells are essential for productive
anticancer immune responses, and for response or resistance to immunotherapies. Such
advances could not only benefit cancer immunotherapy but also other clinical needs such
as pathogen infections or autoimmune diseases.

Funding: C.G. and A.S. are supported by the Deutsche Forschungsgemeinschaft, Collaborative Re-
search Center 1399 (SFB 1399). C.G., A.S., and ].S. also receive support from the Deutsche Forschungs-
gemeinschaft under Germany’s Excellence Strategy—EXC 2180-390900677 (C.G., A.S. und J.S. sind
gefordert durch die Deutsche Forschungsgemeinschaft (DFG) im Rahmen der Exzellenzstrategie
des Bundes und der Lander—EXC 2180-390900677). We acknowledge support of the Open Access
Publishing Fund of the University of Tiibingen.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Lanzavecchia, A. Licence to kill. Nature 1998, 393, 413-414. [CrossRef]

2. Ridge, ].P; Di Rosa, F.; Matzinger, P. A conditioned dendritic cell can be a temporal bridge between a CD4 + T-helper and a
T-killer cell. Nature 1998, 393, 474-478. [CrossRef]

3. Quezada, S.A.; Simpson, T.R.; Peggs, K.S.; Merghoub, T.; Vider, J.; Fan, X.; Blasberg, R.; Yagita, H.; Muranski, P.; Antony, P.A.; et al.
Tumor-reactive CD4+ T cells develop cytotoxic activity and eradicate large established melanoma after transfer into lymphopenic
hosts. J. Exp. Med. 2010, 207, 637-650. [CrossRef]

4.  Fauskanger, M.; Haabeth, O.A.W.; Skjeldal, EM.; Bogen, B.; Tveita, A.A. Tumor killing by CD4+ T cells is mediated via induction
of inducible nitric oxide synthase-dependent macrophage cytotoxicity. Front. Immunol. 2018, 9, 1684. [CrossRef]

5. Geginat, J.; Paroni, M.; Maglie, S.; Alfen, ].S.; Kastirr, I.; Gruarin, P.; de Simone, M.; Pagani, M.; Abrignani, S. Plasticity of human
CDA4 T cell subsets. Front. Immunol. 2014, 5, 1-10. [CrossRef] [PubMed]

6.  Zhou, L.; Chong, M.M.W,; Littman, D.R. Plasticity of CD4+ T Cell Lineage Differentiation. Immunity 2009, 30, 646-655. [CrossRef]
[PubMed]

7. Kleinewietfeld, M.; Hafler, D.A. The plasticity of human Treg and Th17 cells and its role in autoimmunity. Semin. Immunol. 2013,
25,305-312. [CrossRef] [PubMed]

8. Van Panhuys, N. TCR signal strength alters T-DC activation and interaction times and directs the outcome of differentiation.
Front. Immunol. 2016, 7, 1-14. [CrossRef]

9.  Snook, J.P; Kim, C.; Williams, M.A. TCR signal strength controls the differentiation of CD4 + effector and memory T cells. Sci.
Immunol. 2018, 3, eaas9103. [CrossRef]

10. So, T.; Song, J.; Sugie, K.; Altman, A.; Croft, M. Signals from OX40 regulate nuclear factor of activated T cells c1 and T cell helper
2 lineage commitment. Proc. Natl. Acad. Sci. USA 2006, 103, 3740-3745. [CrossRef]

11.  Walker, J.A.; McKenzie, A.N.J. T(H)2 cell development and function. Nat. Rev. Immunol. 2018, 18, 121-133. [CrossRef] [PubMed]

12.  Sckisel, G.D.; Bouchlaka, M.N.; Monjazeb, A.M.; Crittenden, M.; Curti, B.D.; Wilkins, D.E.C.; Alderson, K.A.; Sungur, C.M.;
Ames, E.; Mirsoian, A.; et al. Out-of-Sequence Signal 3 Paralyzes Primary CD4+ T-Cell-Dependent Immunity. Immunity 2015, 43,
240-250. [CrossRef]

13.  Geginat, J.; Paroni, M.; Facciotti, F.; Gruarin, P.; Kastirr, I.; Caprioli, F.; Pagani, M.; Abrignani, S. The CD4-centered universe of
human T cell subsets. Semin. Immunol. 2013, 25, 252-262. [CrossRef] [PubMed]

14. Schmitt, N.; Ueno, H. Regulation of human helper T cell subset differentiation by cytokines. Curr. Opin. Immunol. 2015, 34,
130-136. [CrossRef] [PubMed]

15. Wang, S.; Zhong, N.; Zhang, X.; Zhao, Z; Balderas, R.; Li, L.; Lian, Z. A 31-Parameter Flow Cytometry Panel for In-depth
Immunophenotyping of Human T Cell Subsets Using Surface Markers. Cytom. Part A 2020. [CrossRef]

16. Mousset, C.M.; Hobo, W.; Woestenenk, R.; Preijers, F.; Dolstra, H.; van der Waart, A.B. Comprehensive Phenotyping of T Cells
Using Flow Cytometry. Cytom. Part A 2019, 95, 647-654. [CrossRef]

17.  Takeuchi, A.; Saito, T. CD4 CTL, a Cytotoxic Subset of CD4+ T Cells, Their Differentiation and Function. Front. Immunol. 2017,
8,194. [CrossRef]

18. Song, W.; Craft, J. T follicular helper cell heterogeneity: Time, space, and function. Immunol. Rev. 2019, 288, 85-96. [CrossRef]


http://doi.org/10.1038/30845
http://doi.org/10.1038/30989
http://doi.org/10.1084/jem.20091918
http://doi.org/10.3389/fimmu.2018.01684
http://doi.org/10.3389/fimmu.2014.00630
http://www.ncbi.nlm.nih.gov/pubmed/25566245
http://doi.org/10.1016/j.immuni.2009.05.001
http://www.ncbi.nlm.nih.gov/pubmed/19464987
http://doi.org/10.1016/j.smim.2013.10.009
http://www.ncbi.nlm.nih.gov/pubmed/24211039
http://doi.org/10.3389/fimmu.2016.00006
http://doi.org/10.1126/sciimmunol.aas9103
http://doi.org/10.1073/pnas.0600205103
http://doi.org/10.1038/nri.2017.118
http://www.ncbi.nlm.nih.gov/pubmed/29082915
http://doi.org/10.1016/j.immuni.2015.06.023
http://doi.org/10.1016/j.smim.2013.10.012
http://www.ncbi.nlm.nih.gov/pubmed/24183700
http://doi.org/10.1016/j.coi.2015.03.007
http://www.ncbi.nlm.nih.gov/pubmed/25879814
http://doi.org/10.1002/cyto.a.24272
http://doi.org/10.1002/cyto.a.23724
http://doi.org/10.3389/fimmu.2017.00194
http://doi.org/10.1111/imr.12740

Cancers 2021, 13, 596 14 of 19

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Gattinoni, L.; Speiser, D.E.; Lichterfeld, M.; Bonini, C. T memory stem cells in health and disease. Nat. Med. 2017, 23, 18-27.
[CrossRef]

Tian, Y.; Babor, M.; Lane, J.; Schulten, V.; Patil, V.S.; Seumois, G.; Rosales, S.L.; Fu, Z.; Picarda, G.; Burel, J.; et al. Unique
phenotypes and clonal expansions of human CD4 effector memory T cells re-expressing CD45RA. Nat. Commun. 2017, 8, 1473.
[CrossRef]

Knochelmann, H.M.; Dwyer, C.J.; Bailey, S.R.; Amaya, S.M.; Elston, D.M.; Mazza-McCrann, ].M.; Paulos, C.M. When worlds
collide: Th17 and Treg cells in cancer and autoimmunity. Cell Mol. Immunol. 2018, 15, 458-469. [CrossRef] [PubMed]
Santegoets, S.J.A.M.; Dijkgraaf, E.M.; Battaglia, A.; Beckhove, P; Britten, C.M.; Gallimore, A.; Godkin, A.; Gouttefangeas, C.;
de Gruijl, T.D.; Koenen, H.J.P.M.; et al. Monitoring regulatory T cells in clinical samples: Consensus on an essential marker set
and gating strategy for regulatory T cell analysis by flow cytometry. Cancer Immunol. Immunother. 2015, 64, 1271-1286. [CrossRef]
[PubMed]

Sallusto, F.; Geginat, J.; Lanzavecchia, A. Central memory and effector memory T cell subsets: Function, generation, and
maintenance. Annu. Rev. Immunol. 2004, 22, 745-763. [CrossRef] [PubMed]

Sallusto, F; Lenig, D.; Forster, R.; Lipp, M.; Lanzavecchia, A. Two subsets of memory T lymphocytes with distinct homing
potentials and effector functions. Nature 1999, 401, 708-712. [CrossRef]

Lilleri, D.; Fornara, C.; Revello, M.G.; Gerna, G. Human Cytomegalovirus-Specific Memory CD8 + and CD4 + T Cell Differentia-
tion after Primary Infection. J. Infect Dis. 2008, 198, 536-543. [CrossRef]

Weiskopf, D.; Bangs, D.J.; Sidney, J.; Kolla, R.V,; De Silva, A.D.; De Silva, A.M.; Crotty, S.; Peters, B.; Sette, A. Dengue virus
infection elicits highly polarized CX3CR1+ cytotoxic CD4+ T cells associated with protective immunity. Proc. Natl. Acad. Sci. USA
2015, 112, E4256-E4263. [CrossRef]

Nguyen, Q.P.;; Deng, T.Z.; Witherden, D.A.; Goldrath, A.W. Origins of CD4+ circulating and tissue-resident memory T-cells.
Immunology 2019, 157, 3-12. [CrossRef]

Oja, A.E.; Piet, B.; Van Der Zwan, D.; Blaauwgeers, H.; Mensink, M.; De Kivit, S.; Borst, J.; Nolte, M.A.; Van Lier, RA.W.;
Stark, R.; et al. Functional heterogeneity of CD4+ tumor-infiltrating lymphocytes with a resident memory phenotype in NSCLC.
Front. Immunol. 2018, 9. [CrossRef]

Gattinoni, L.; Lugli, E.; Ji, Y.; Pos, Z.; Paulos, C.M.; Quigley, M.F.,; Almeida, ].R.; Gostick, E.; Yu, Z.; Carpenito, C.; et al. A human
memory T cell subset with stem cell-like properties. Nat. Med. 2011, 17, 1290-1297. [CrossRef]

Van Leeuwen, E.M.M.; Remmerswaal, E.B.M.; Vossen, M.T.M.; Rowshani, A.T.; Wertheim-van Dillen, PM.E.; van Lier, R A.W.;
ten Berge, .].M. Emergence of a CD4 + CD28 — Granzyme B +, Cytomegalovirus-Specific T Cell Subset after Recovery of Primary
Cytomegalovirus Infection. J. Immunol. 2004, 173, 1834-1841. [CrossRef]

Johnson, S.; Eller, M,; Teigler, ] .E.; Maloveste, S.M.; Schultz, B.T.; Soghoian, D.Z.; Lu, R; Oster, A.E; Chenine, A.-L.; Alter, G.; et al.
Cooperativity of HIV-Specific Cytolytic CD4 T Cells and CD8 T Cells in Control of HIV Viremia. J. Virol. 2015, 89, 7494-7505.
[CrossRef] [PubMed]

Takeuchi, A.; Badr, M.E.S.G.; Miyauchi, K ; Ishihara, C.; Onishi, R.; Guo, Z.; Sasaki, Y.; Ike, H.; Takumi, A.; Tsuji, N.M.; et al. CRT
AM determines the CD4+ cytotoxic T lymphocyte lineage. J. Exp. Med. 2016, 213, 123-138. [CrossRef] [PubMed]

Patil, V.S.; Madrigal, A.; Schmiedel, B.J.; Clarke, J.; O’'Rourke, P,; de Silva, A.D.; Harris, E.; Peters, B.; Seumois, G.;
Weiskopf, D.; et al. Precursors of human CD4+ cytotoxic T lymphocytes identified by single-cell transcriptome analysis. Sci.
Immunol. 2018, 3. [CrossRef] [PubMed]

Zhou, X.; Bailey-Bucktrout, S.; Jeker, L.T.; Bluestone, J.A. Plasticity of CD4+ FoxP3+ T cells. Curr. Opin. Immunol. 2009, 21, 281-285.
[CrossRef]

O’Garra, A.; Vieira, P. TH1 cells control themselves by producing interleukin-10. Nat. Rev. Immunol. 2007, 7, 425-428. [CrossRef]
Wei, L.; Vahedi, G.; Sun, H.-W.; Watford, W.T.; Takatori, H.; Ramos, H.L.; Takahashi, H.; Liang, J.; Gutierrez-Cruz, G.;
Zang, C.; et al. Discrete roles of STAT4 and STAT6 transcription factors in tuning epigenetic modifications and transcription
during T helper cell differentiation. Immunity 2010, 32, 840-851. [CrossRef]

Renaude, E.; Kroemer, M.; Loyon, R.; Binda, D.; Borg, C.; Guittaut, M.; Hervouet, E.; Peixoto, P. The Fate of Th17 Cells is Shaped
by Epigenetic Modifications and Remodeled by the Tumor Microenvironment. Int. J. Mol. Sci. 2020, 21, 1673. [CrossRef]
Duvall, M.G.; Precopio, M.L.; Ambrozak, D.A.; Jaye, A.; McMichael, A.].; Whittle, H.C.; Roederer, M.; Rowland-Jones, S.L.; Koup,
R.A. Polyfunctional T cell responses are a hallmark of HIV-2 infection. Eur. . Immunol. 2008, 38, 350-363. [CrossRef]

Ciuffreda, D.; Comte, D.; Cavassini, M.; Giostra, E.; Biihler, L.; Perruchoud, M.; Heim, M.H.; Battegay, M.; Genné, D.;
Mulhaupt, B.; et al. Polyfunctional HCV-specific T-cell responses are associated with effective control of HCV replication.
Eur. J. Immunol. 2008, 38, 2665-2677. [CrossRef]

Kannanganat, S.; Kapogiannis, B.G.; Ibegbu, C.; Chennareddi, L.; Goepfert, P.; Robinson, H.L.; Lennox, J.; Amara, R.R. Human
Immunodeficiency Virus Type 1 Controllers but Not Noncontrollers Maintain CD4 T Cells Coexpressing Three Cytokines. J. Virol.
2007, 81, 12071-12076. [CrossRef]

Seder, R.A.; Darrah, P.A.; Roederer, M. T-cell quality in memory and protection: Implications for vaccine design. Nat. Rev.
Immunol. 2008, 8, 247-258. [CrossRef] [PubMed]

Kannanganat, S.; Ibegbu, C.; Chennareddi, L.; Robinson, H.L.; Amara, R.R. Multiple-Cytokine-Producing Antiviral CD4 T Cells
Are Functionally Superior to Single-Cytokine-Producing Cells. J. Virol. 2007, 81, 8468-8476. [CrossRef] [PubMed]


http://doi.org/10.1038/nm.4241
http://doi.org/10.1038/s41467-017-01728-5
http://doi.org/10.1038/s41423-018-0004-4
http://www.ncbi.nlm.nih.gov/pubmed/29563615
http://doi.org/10.1007/s00262-015-1729-x
http://www.ncbi.nlm.nih.gov/pubmed/26122357
http://doi.org/10.1146/annurev.immunol.22.012703.104702
http://www.ncbi.nlm.nih.gov/pubmed/15032595
http://doi.org/10.1038/44385
http://doi.org/10.1086/590118
http://doi.org/10.1073/pnas.1505956112
http://doi.org/10.1111/imm.13059
http://doi.org/10.3389/fimmu.2018.02654
http://doi.org/10.1038/nm.2446
http://doi.org/10.4049/jimmunol.173.3.1834
http://doi.org/10.1128/JVI.00438-15
http://www.ncbi.nlm.nih.gov/pubmed/25972560
http://doi.org/10.1084/jem.20150519
http://www.ncbi.nlm.nih.gov/pubmed/26694968
http://doi.org/10.1126/sciimmunol.aan8664
http://www.ncbi.nlm.nih.gov/pubmed/29352091
http://doi.org/10.1016/j.coi.2009.05.007
http://doi.org/10.1038/nri2097
http://doi.org/10.1016/j.immuni.2010.06.003
http://doi.org/10.3390/ijms21051673
http://doi.org/10.1002/eji.200737768
http://doi.org/10.1002/eji.200838336
http://doi.org/10.1128/JVI.01261-07
http://doi.org/10.1038/nri2274
http://www.ncbi.nlm.nih.gov/pubmed/18323851
http://doi.org/10.1128/JVI.00228-07
http://www.ncbi.nlm.nih.gov/pubmed/17553885

Cancers 2021, 13, 596 15 of 19

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Peng, Y.; Mentzer, A.].; Liu, G.; Yao, X,; Yin, Z.; Dong, D.; Dejnirattisai, W.; Rostron, T.; Supasa, P; Liu, C.; et al. Broad and strong
memory CD4+ and CD8+ T cells induced by SARS-CoV-2 in UK convalescent individuals following COVID-19. Nat. Immunol.
2020, 21, 1336-1345. [CrossRef] [PubMed]

Blom, K.; Braun, M.; Ivarsson, M.A.; Gonzalez, V.D.; Falconer, K.; Moll, M.; Ljunggren, H.-G.; Michaélsson, J.; Sandberg, J.K.
Temporal Dynamics of the Primary Human T Cell Response to Yellow Fever Virus 17D As It Matures from an Effector- to a
Memory-Type Response. J. Immunol. 2013, 190, 2150-2158. [CrossRef]

Burel, ].G.; Apte, S.H.; Groves, PL.; McCarthy, ].S.; Doolan, D.L. Polyfunctional and IFN-y monofunctional human CD4+ T cell
populations are molecularly distinct. JCI Insight 2017, 2, 1-12. [CrossRef]

Bourgeois, C.; Tanchot, C. CD4 T cells are required for CD8 T cell memory generation. Eur. J. Immunol. 2003, 33, 3225-3231.
[CrossRef]

Sun, J.C.; Bevan, M.]. Defective CD8 T cell memory following acute infection without CD4 T cell help. Science 2003, 300, 339-342.
[CrossRef]

Perez-Diez, A.; Joncker, N.T.; Choi, K.; Chan, W.EN.; Anderson, C.C.; Lantz, O.; Matzinger, P. CD4 cells can be more efficient at
tumor rejection than CD8 cells. Blood 2007, 109, 5346-5354. [CrossRef]

Mumberg, D.; Monach, P.A.; Wanderling, S.; Philip, M.; Toledano, A.Y.; Schreiber, R.D.; Schreiber, H. CD4+ T cells eliminate MHC
class II-negative cancer cells in vivo by indirect effects of IFN-y. Proc. Natl. Acad. Sci. USA 1999, 96, 8633-8638. [CrossRef]

Oh, D.Y,; Kwek, 5.S.; Raju, S.S.; Li, T.; McCarthy, E.; Chow, E.; Aran, D.; Ilano, A.; Pai, C.C.S.; Rancan, C.; et al. Intratumoral CD4+
T Cells Mediate Anti-tumor Cytotoxicity in Human Bladder Cancer. Cell 2020, 181, 1612-1625.e13. [CrossRef]

Eisel, D.; Das, K.; Dickes, E.; Kénig, R.; Osen, W.; Eichmtdiller, S.B. Cognate interaction with CD4+ T cells instructs tumor-associated
macrophages to acquire M1-like phenotype. Front. Immunol. 2019, 10. [CrossRef] [PubMed]

Qin, Z.; Blankenstein, T. CD4+ T cell-mediated tumor rejection involves inhibition of angiogenesis that is dependent on IFNy
receptor expression by nonhematopoietic cells. Immunity 2000, 12, 677-686. [CrossRef]

Braumtdiller, H.; Wieder, T.; Brenner, E.; ABmann, S.; Hahn, M.; Alkhaled, M.; Schilbach, K.; Essmann, F; Kneilling, M.;
Griessinger, C.; et al. T-helper-1-cell cytokines drive cancer into senescence. Nature 2013, 494, 361-365. [CrossRef] [PubMed]
Alspach, E.; Lussier, D.M.; Miceli, A.P; Kizhvatov, I.; DuPage, M.; Luoma, A.M.; Meng, W.; Lichti, C.F; Esaulova, E.;
Vomund, A.N.; et al. MHC-II neoantigens shape tumour immunity and response to immunotherapy. Nature 2019, 574, 696-701.
[CrossRef] [PubMed]

Svennevig, ].L.; Lunde, O.C.; Holter, ].; Bjorgsvik, D. Lymphoid infiltration and prognosis in colorectal carcinoma. Br. J. Cancer
1984, 49, 375-377. [CrossRef] [PubMed]

Clark, WH.].; Elder, D.E.; Guerry D 4th Braitman, L.E.; Trock, B.].; Schultz, D.; Synnestvedt, M.; Halpern, A.C. Model predicting
survival in stage I melanoma based on tumor progression. J. Natl. Cancer Inst. 1989, 81, 1893-1904. [CrossRef]

Zhang, L.; Conejo-Garcia, ].R.; Katsaros, D.; Gimotty, P.A.; Massobrio, M.; Regnani, G.; Makrigiannakis, A.; Gray, H.; Schlienger, K,;
Liebman, M.N; et al. Intratumoral T cells, recurrence, and survival in epithelial ovarian cancer. N. Engl. ]. Med. 2003, 348, 203-213.
[CrossRef]

Galon, J.; Costes, A.; Sanchez-Cabo, F.; Kirilovsky, A.; Mlecnik, B.; Lagorce-Pages, C.; Tosolini, M.; Camus, M.; Berger, A.;
Wind, P; et al. Type, density, and location of immune cells within human colorectal tumors predict clinical outcome. Science 2006,
313, 1960-1964. [CrossRef]

Bruni, D.; Angell, HK.; Galon, J. The immune contexture and Immunoscore in cancer prognosis and therapeutic efficacy. Nat.
Rev. Cancer 2020, 20, 662-680. [CrossRef]

De Monte, L.; Reni, M.; Tassi, E.; Clavenna, D.; Papa, I.; Recalde, H.; Braga, M.; Di Carlo, V.; Doglioni, C.; Protti, M.P. Intratumor T
helper type 2 cell infiltrate correlates with cancer-associated fibroblast thymic stromal lymphopoietin production and reduced
survival in pancreatic cancer. J. Exp. Med. 2011, 208, 469—478. [CrossRef]

Yoon, N.K.; Maresh, E.L.; Shen, D.; Elshimali, Y.; Apple, S.; Horvath, S.; Mah, V.; Bose, S.; Chia, D.; Chang, H.R,; et al. Higher
levels of GATAS3 predict better survival in women with breast cancer. Hum. Pathol. 2010, 41, 1794-1801. [CrossRef] [PubMed]
Kryczek, I.; Banerjee, M.; Cheng, P.; Vatan, L.; Szeliga, W.; Wei, S.; Huang, E.; Finlayson, E.; Simeone, D.; Welling, T.H.; et al.
Phenotype, distribution, generation, and functional and clinical relevance of Th17 cells in the human tumor environments. Blood
2009, 114, 1141-1149. [CrossRef] [PubMed]

Welters, ML.].P.; Ma, W.; Santegoets, S.].A.M.; Goedemans, R.; Ehsan, L ; Jordanova, E.S.; Van Ham, V.J.; Van Unen, V.; Koning, E;
Van Egmond, S.I; et al. Intratumoral HPV16-specific T cells constitute a type I-oriented tumor microenvironment to improve
survival in HPV16-driven oropharyngeal cancer. Clin. Cancer Res. 2018, 24, 634-647. [CrossRef] [PubMed]

Tosolini, M.; Kirilovsky, A.; Mlecnik, B.; Fredriksen, T.; Mauger, S.; Bindea, G.; Berger, A.; Bruneval, P.; Fridman, WH,;
Pages, F; et al. Clinical impact of different classes of infiltrating T cytotoxic and helper cells (Th1, Th2, Treg, Th17) in patients
with colorectal cancer. Cancer Res. 2011, 71, 1263-1271. [CrossRef] [PubMed]

Jordanova, E.S.; Gorter, A.; Ayachi, O.; Prins, E; Durrant, L.G.; Kenter, G.G.; Van Der Burg, S.H.; Fleuren, G.J. Human leukocyte
antigen class I, MHC class I chain-related molecule A, and CD8+/regulatory T-cell ratio: Which variable determines survival of
cervical cancer patients? Clin. Cancer Res. 2008, 14, 2028-2035. [CrossRef] [PubMed]

Lu, Y;; Wang, Q.; Xue, G.; Bi, E.; Ma, X.; Wang, A ; Qian, J.; Dong, C.; Yi, Q. Th9 Cells Represent a Unique Subset of CD4(+) T Cells
Endowed with the Ability to Eradicate Advanced Tumors. Cancer Cell 2018, 33, 1048-1060.e7. [CrossRef]


http://doi.org/10.1038/s41590-020-0782-6
http://www.ncbi.nlm.nih.gov/pubmed/32887977
http://doi.org/10.4049/jimmunol.1202234
http://doi.org/10.1172/jci.insight.87499
http://doi.org/10.1002/eji.200324576
http://doi.org/10.1126/science.1083317
http://doi.org/10.1182/blood-2006-10-051318
http://doi.org/10.1073/pnas.96.15.8633
http://doi.org/10.1016/j.cell.2020.05.017
http://doi.org/10.3389/fimmu.2019.00219
http://www.ncbi.nlm.nih.gov/pubmed/30853959
http://doi.org/10.1016/S1074-7613(00)80218-6
http://doi.org/10.1038/nature11824
http://www.ncbi.nlm.nih.gov/pubmed/23376950
http://doi.org/10.1038/s41586-019-1671-8
http://www.ncbi.nlm.nih.gov/pubmed/31645760
http://doi.org/10.1038/bjc.1984.60
http://www.ncbi.nlm.nih.gov/pubmed/6704315
http://doi.org/10.1093/jnci/81.24.1893
http://doi.org/10.1056/NEJMoa020177
http://doi.org/10.1126/science.1129139
http://doi.org/10.1038/s41568-020-0285-7
http://doi.org/10.1084/jem.20101876
http://doi.org/10.1016/j.humpath.2010.06.010
http://www.ncbi.nlm.nih.gov/pubmed/21078439
http://doi.org/10.1182/blood-2009-03-208249
http://www.ncbi.nlm.nih.gov/pubmed/19470694
http://doi.org/10.1158/1078-0432.CCR-17-2140
http://www.ncbi.nlm.nih.gov/pubmed/29018052
http://doi.org/10.1158/0008-5472.CAN-10-2907
http://www.ncbi.nlm.nih.gov/pubmed/21303976
http://doi.org/10.1158/1078-0432.CCR-07-4554
http://www.ncbi.nlm.nih.gov/pubmed/18381941
http://doi.org/10.1016/j.ccell.2018.05.004

Cancers 2021, 13, 596 16 of 19

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Dieu-Nosjean, M.C.; Antoine, M.; Danel, C.; Heudes, D.; Wislez, M.; Poulot, V.; Rabbe, N.; Laurans, L.; Tartour, E.;
De Chaisemartin, L.; et al. Long-term survival for patients with non-small-cell lung cancer with intratumoral lymphoid
structures. J. Clin. Oncol. 2008, 26, 4410-4417. [CrossRef]

Helmink, B.A.; Reddy, S.M.; Gao, J.; Zhang, S.; Basar, R.; Thakur, R.; Yizhak, K.; Sade-Feldman, M.; Blando, J.; Han, G; et al.
B cells and tertiary lymphoid structures promote immunotherapy response. Nature 2020, 577, 549-555. [CrossRef]

Petitprez, F.; de Reynies, A.; Keung, E.Z.; Chen, TW.W.; Sun, CM.; Calderaro, J.; Jeng, Y.M.; Hsiao, L.P,; Lacroix, L.;
Bougoiiin, A.; et al. B cells are associated with survival and immunotherapy response in sarcoma. Nature 2020, 577, 556-560.
[CrossRef]

Cabrita, R.; Lauss, M.; Sanna, A.; Donia, M.; Skaarup Larsen, M.; Mitra, S.; Johansson, I.; Phung, B.; Harbst, K,
Vallon-Christersson, J.; et al. Tertiary lymphoid structures improve immunotherapy and survival in melanoma. Nature
2020, 577, 561-565. [CrossRef]

Gu-Trantien, C.; Sotiriou, C.; Willard, K.; Gu-trantien, C.; Loi, S.; Garaud, S.; Equeter, C.; Libin, M.; Wind, A.; De Ravoet, M.; et al.
CD#4 + follicular helper T cell infiltration predicts breast cancer survival Find the latest version: CD4 + follicular helper T cell
infiltration predicts breast cancer survival. J. Clin. Investig. 2013, 123, 2873-2892. [CrossRef] [PubMed]

Wistuba-Hamprecht, K.; Gouttefangeas, C.; Weide, B.; Pawelec, G. Immune Signatures and Survival of Patients with Metastatic
Melanoma, Renal Cancer, and Breast Cancer. Front. Immunol. 2020, 11. [CrossRef] [PubMed]

Hartmann, FJ.; Babdor, J.; Gherardini, PF; Amir, E.A.D.; Jones, K.; Sahaf, B.; Marquez, D.M.; Krutzik, P.; O’'Donnell, E.;
Sigal, N.; et al. Comprehensive Immune Monitoring of Clinical Trials to Advance Human Immunotherapy. Cell Rep. 2019, 28,
819-831.e4. [CrossRef] [PubMed]

Laheurte, C.; Dosset, M.; Vernerey, D.; Boullerot, L.; Gaugler, B.; Gravelin, E.; Kaulek, V.; Jacquin, M.; Cuche, L.; Eberst, G.; et al.
Distinct prognostic value of circulating anti-telomerase CD4+ Th1l immunity and exhausted PD-1+/TIM-3+ T cells in lung cancer.
Br. ]. Cancer 2019, 121, 405-416. [CrossRef] [PubMed]

De Jong, A.; Van Poelgeest, M.LE.; Van Der Hulst, ] M.; Drijfthout, ].W.; Fleuren, G.J.; Melief, C.].M.; Renter, G.; Offringa, R.; Van
Der Burg, S.H. Human papillomavirus type 16-positive cervical cancer is associated with impaired CD4+ T-cell immunity against
early antigens E2 and E6. Cancer Res. 2004, 64, 5449-5455. [CrossRef]

Zelba, H.; Weide, B.; Martens, A.; Derhovanessian, E.; Bailur, ] K.; Kyzirakos, C.; Pflugfelder, A.; Eigentler, T.K.; Di Giacomo, A.M.;
Maio, M.; et al. Circulating CD4+ T cells that produce IL4 or IL17 when stimulated by Melan-A but not by NY-ESO-1 have
negative impacts on survival of patients with stage IV melanoma. Clin. Cancer Res. 2014, 20, 4390-4399. [CrossRef]

Giraldo, N.A.; Becht, E.; Vano, Y,; Petitprez, F.; Lacroix, L.; Validire, P.; Sanchez-Salas, R.; Ingels, A.; Oudard, S.; Moatti, A.; et al.
Tumor-infiltrating and peripheral blood T-cell immunophenotypes predict early relapse in localized clear cell renal cell carcinoma.
Clin. Cancer Res. 2017, 23, 4416-4428. [CrossRef]

Datar, I.; Sanmamed, ML.E; Wang, J.; Henick, B.S.; Choi, J.; Badri, T.; Dong, W.; Mani, N.; Toki, M.; Mejias, L.D.; et al. Expres-
sion analysis and significance of PD-1, LAG-3, and TIM-3 in human non-small cell lung cancer using spatially resolved and
multiparametric single-cell analysis. Clin. Cancer Res. 2019, 25, 4663-4673. [CrossRef]

Zelba, H.; Bedke, J.; Hennenlotter, J.; Mostbock, S.; Zettl, M.; Zichner, T.; Chandran, A.; Stenzl, A.; Rammensee, H.G.; Goutte-
fangeas, C. PD-1 and LAG-3 dominate checkpoint receptor-mediated T-cell inhibition in renal cell carcinoma. Cancer Immunol.
Res. 2019, 7, 1891-1899. [CrossRef]

Li, X.; Wang, R.; Fan, P; Yao, X.; Qin, L.; Peng, Y.; Ma, M.; Asley, N.; Chang, X.; Feng, Y.; et al. A comprehensive analysis of key
immune checkpoint receptors on tumor-infiltrating T cells from multiple types of cancer. Front. Oncol. 2019, 9. [CrossRef]
Kagamu, H.; Kitano, S.; Yamaguchi, O.; Yoshimura, K.; Horimoto, K.; Kitazawa, M.; Fukui, K.; Shiono, A.; Mouri, A.;
Nishihara, F; et al. CD4+ T-cell immunity in the peripheral blood correlates with response to Anti-PD-1 therapy. Cancer
Immunol. Res. 2020, 8, 334-344. [CrossRef] [PubMed]

Jacquelot, N.; Roberti, M.P,; Enot, D.P.; Rusakiewicz, S.; Ternes, N.; Jegou, S.; Woods, D.M.; Sodré, A.L.; Hansen, M;
Meirow, Y.; et al. Predictors of responses to immune checkpoint blockade in advanced melanoma. Nat. Commun. 2017, 8, 592.
[CrossRef] [PubMed]

Martens, A.; Wistuba-Hamprecht, K.; Yuan, J.; Postow, M.A.; Wong, P.; Capone, M.; Madonna, G.; Khammari, A.; Schilling, B.;
Sucker, A.; et al. Increases in absolute lymphocytes and circulating CD4+ and CD8+ T cells are associated with positive clinical
outcome of melanoma patients treated with ipilimumab. Clin. Cancer Res. 2016, 22, 4848-4858. [CrossRef] [PubMed]

Spitzer, M.H.; Carmi, Y.; Reticker-Flynn, N.E.; Kwek, S.S.; Madhireddy, D.; Martins, M.M.; Gherardini, P.F,; Prestwood, T.R.;
Chabon, J.; Bendall, S.C.; et al. Systemic Immunity Is Required for Effective Cancer Immunotherapy. Cell 2017, 168, 487-502.e15.
[CrossRef]

Arakawa, A.; Vollmer, S.; Tietze, J.; Galinski, A.; Heppt, M.V,; Biirdek, M.; Berking, C.; Prinz, J.C. Clonality of CD4+ blood T
cells predicts longer survival with CTLA4 or PD-1 checkpoint inhibition in advanced melanoma. Front. Immunol. 2019, 10, 1-12.
[CrossRef] [PubMed]

Yost, K.E.; Satpathy, A.T.; Wells, D.K,; Qi, Y.; Wang, C.; Kageyama, R.; McNamara, K.L.; Granja, ].M.; Sarin, K.Y.; Brown, R.A.; et al.
Clonal replacement of tumor-specific T cells following PD-1 blockade. Nat. Med. 2019, 25, 1251-1259. [CrossRef]

Zappasodi, R.; Merghoub, T.; Wolchok, J.D. Emerging Concepts for Inmune Checkpoint Blockade-Based Combination Therapies.
Cancer Cell 2018, 33, 581-598. [CrossRef]


http://doi.org/10.1200/JCO.2007.15.0284
http://doi.org/10.1038/s41586-019-1922-8
http://doi.org/10.1038/s41586-019-1906-8
http://doi.org/10.1038/s41586-019-1914-8
http://doi.org/10.1172/JCI67428
http://www.ncbi.nlm.nih.gov/pubmed/23778140
http://doi.org/10.3389/fimmu.2020.01152
http://www.ncbi.nlm.nih.gov/pubmed/32582215
http://doi.org/10.1016/j.celrep.2019.06.049
http://www.ncbi.nlm.nih.gov/pubmed/31315057
http://doi.org/10.1038/s41416-019-0531-5
http://www.ncbi.nlm.nih.gov/pubmed/31358938
http://doi.org/10.1158/0008-5472.CAN-04-0831
http://doi.org/10.1158/1078-0432.CCR-14-1015
http://doi.org/10.1158/1078-0432.CCR-16-2848
http://doi.org/10.1158/1078-0432.CCR-18-4142
http://doi.org/10.1158/2326-6066.CIR-19-0146
http://doi.org/10.3389/fonc.2019.01066
http://doi.org/10.1158/2326-6066.CIR-19-0574
http://www.ncbi.nlm.nih.gov/pubmed/31871122
http://doi.org/10.1038/s41467-017-00608-2
http://www.ncbi.nlm.nih.gov/pubmed/28928380
http://doi.org/10.1158/1078-0432.CCR-16-0249
http://www.ncbi.nlm.nih.gov/pubmed/27169993
http://doi.org/10.1016/j.cell.2016.12.022
http://doi.org/10.3389/fimmu.2019.01336
http://www.ncbi.nlm.nih.gov/pubmed/31275310
http://doi.org/10.1038/s41591-019-0522-3
http://doi.org/10.1016/j.ccell.2018.03.005

Cancers 2021, 13, 596 17 of 19

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.
110.

Rosenberg, S.A.; Restifo, N.P. Adoptive cell transfer as personalized immunotherapy for human cancer. Science 2015, 348, 62—68.
[CrossRef]

Gouttefangeas, C.; Rammensee, H.-G. Personalized cancer vaccines: Adjuvants are important, too. Cancer Immunol. Immunother.
2018, 67, 1911-1918. [CrossRef]

Rizvi, N.A.; Hellmann, M.D.; Snyder, A.; Kvistborg, P.; Makarov, V.; Havel, ].].; Lee, W.; Yuan, J.; Wong, P.; Ho, T.S,; et al.
Mutational landscape determines sensitivity to PD-1 blockade in non-small cell lung cancer. Science 2015, 348, 124-128. [CrossRef]
Wolchok, J.D.; Chiarion-Sileni, V.; Gonzalez, R.; Rutkowski, P.; Grob, ].J.; Cowey, C.L.; Lao, C.D.; Wagstaff, J.; Schadendorf, D.;
Ferrucci, P.F; et al. Overall Survival with Combined Nivolumab and Ipilimumab in Advanced Melanoma. N. Engl. ]. Med. 2017,
377,1345-1356. [CrossRef]

Wei, S.C.; Levine, ].H.; Cogdill, A.P; Zhao, Y.; Anang, N.-A.A.A.S.; Andrews, M.C.; Sharma, P.; Wang, ].; Wargo, ].A.; Pe’er, D.; et al.
Distinct Cellular Mechanisms Underlie Anti-CTLA-4 and Anti-PD-1 Checkpoint Blockade. Cell 2017, 170, 1120-1133.e17.
[CrossRef]

Liakou, C.I; Kamat, A.; Tang, D.N.; Chen, H.; Sun, J.; Troncoso, P.; Logothetis, C.; Sharma, P. CTLA-4 blockade increases
IFNy-producing CD4*ICOSM cells to shift the ratio of effector to regulatory T cells in cancer patients. Proc. Natl. Acad. Sci. USA
2008, 105, 14987-14992. [CrossRef]

Ribas, A.; Shin, D.S.; Zaretsky, J.; Frederiksen, J.; Cornish, A.; Avramis, E.; Seja, E.; Kivork, C.; Siebert, J.; Kaplan-Lefko, P; et al.
PD-1 Blockade Expands Intratumoral Memory T Cells. Cancer Immunol. Res. 2016, 4, 194-203. [CrossRef]

Kitano, S.; Tsuji, T.; Liu, C.; Hirschhorn-Cymerman, D.; Kyi, C.; Mu, Z.; Allison, J.P.; Gnjatic, S.; Yuan, ]J.D.; Wolchok, J.D.
Enhancement of tumor-reactive cytotoxic CD4+ T cell responses after ipilimumab treatment in four advanced melanoma patients.
Cancer Immunol. Res. 2013, 1, 235-244. [CrossRef]

Romano, E.; Kusio-Kobialka, M.; Foukas, P.G.; Baumgaertner, P.; Meyer, C.; Ballabeni, P.; Michielin, O.; Weide, B.; Romero, P.;
Speiser, D.E. Ipilimumab-dependent cell-mediated cytotoxicity of regulatory T cells ex vivo by nonclassical monocytes in
melanoma patients. Proc. Natl. Acad. Sci. USA 2015, 112, 6140-6145. [CrossRef]

Sharma, A.; Subudhi, S.K.; Blando, J.; Scutti, J.; Vence, L.; Wargo, J.; Allison, J.P; Ribas, A.; Sharma, P. Anti-CTLA-4 Immunotherapy
Does Not Deplete FOXP3(+) Regulatory T Cells (Tregs) in Human Cancers. Clin. Cancer Res. 2019, 25, 1233-1238. [CrossRef]
Vargas, F.A.; Furness, A.].S,; Litchfield, K.; Joshi, K.; Rosenthal, R.; Ghorani, E.; Solomon, I.; Lesko, M.H.; Ruef, N.; Roddie, C.; et al.
Fc Effector Function Contributes to the Activity of Human Anti-CTLA-4 Antibodies. Cancer Cell 2018, 33, 649-663.e4. [CrossRef]
Wang, L.X,; Shu, S.; Disis, M.L.; Plautz, G.E. Adoptive transfer of tumor-primed, in vitro-activated, CD4+ T effector cells (TEs)
combined with CD8+ TEs provides intratumoral TE proliferation and synergistic antitumor response. Blood 2007, 109, 4865-4872.
[CrossRef]

Radvanyi, L.G.; Bernatchez, C.; Zhang, M.; Fox, P.S.; Miller, P.; Chacon, J.; Wu, R.; Lizee, G.; Mahoney, S.; Alvarado, G.; et al.
Specific lymphocyte subsets predict response to adoptive cell therapy using expanded autologous tumor-infiltrating lymphocytes
in metastatic melanoma patients. Clin. Cancer Res. 2012, 18, 6758-6770. [CrossRef]

Friedman, K.M.; Prieto, P.A ; Devillier, L.E.; Gross, C.A.; Yang, ].C.; Wunderlich, ].R.; Rosenberg, S.A.; Dudley, M.E. Tumor-specific
CD4+ melanoma tumor-infiltrating lymphocytes. J. Immunother. 2012, 35, 400-408. [CrossRef] [PubMed]

Hunder, N.N.; Wallen, H.; Cao, J.; Hendricks, D.W.; Reilly, ].Z.; Rodmyre, R.; Jungbluth, A.; Gnjatic, S.; Thompson, J.A.; Yee, C.
Treatment of Metastatic Melanoma with Autologous CD4+ T Cells against NY-ESO-1. N. Engl. ]. Med. 2008, 358, 2698-2703.
[CrossRef] [PubMed]

Tran, E.; Turcotte, S.; Gros, A.; Robbins, PE; Lu, Y.C; Dudley, M.E.; Wunderlich, J.R.; Somerville, R.P; Hogan, K
Hinrichs, C.S.; et al. Cancer immunotherapy based on mutation-specific CD4+ T cells in a patient with epithelial cancer. Science
2014, 344, 641-645. [CrossRef] [PubMed]

Veatch, J.R.; Lee, S.M.; Fitzgibbon, M.; Chow, LT.,; Jesernig, B.; Schmitt, T.; Kong, Y.Y.; Kargl, J.; Houghton, AM.G,;
Thompson, J.A.; etal. Tumor-infiltrating BRAFV600E-specific CD4+ T cells correlated with complete clinical response in
melanoma. J. Clin. Investig. 2018, 128, 1563-1568. [CrossRef] [PubMed]

Garfall, A.L.; Dancy, E.K.; Cohen, A.D.; Hwang, W.T.; Fraietta, ].A.; Davis, M.M.; Levine, B.L.; Siegel, D.L.; Stadtmauer, E.A.;
Vogl, D.T.; et al. T-cell phenotypes associated with effective CAR T-cell therapy in postinduction vs relapsed multiple myeloma.
Blood Adv. 2019, 3, 2812-2815. [CrossRef]

Wang, D.; Aguilar, B.; Starr, R.; Alizadeh, D.; Brito, A.; Sarkissian, A.; Ostberg, ].R.; Forman, S.J.; Brown, C.E. Glioblastoma-targeted
CD4+ CAR T cells mediate superior antitumor activity. JCI Insight 2018, 3, 99048. [CrossRef]

Agarwal, S.; Hanauer, ].D.S.; Frank, A.M.; Riechert, V.; Thalheimer, EB.; Buchholz, C.J. In Vivo Generation of CAR T Cells
Selectively in Human CD4+ Lymphocytes. Mol. Ther. 2020, 28, 1783-1794. [CrossRef]

Sommermeyer, D.; Hudecek, M.; Kosasih, P.L.; Gogishvili, T.; Maloney, D.G.; Turtle, C.J.; Riddell, S.R. Chimeric antigen receptor-
modified T cells derived from defined CD8+ and CD4+ subsets confer superior antitumor reactivity in vivo. Leukemia 2016, 30,
492-500. [CrossRef]

Schumacher, T.N.; Schreiber, R.D. Neoantigens in cancer immunotherapy. Science 2015, 348, 69-74. [CrossRef]

Laumont, C.M.; Vincent, K.; Hesnard, L.; Audemard, E.; Bonneil, E.; Laverdure, J.P; Gendron, P; Courcelles, M.; Hardy, M.P,;
Coté, C.; et al. Noncoding regions are the main source of targetable tumor-specific antigens. Sci. Transl. Med. 2018, 10. [CrossRef]


http://doi.org/10.1126/science.aaa4967
http://doi.org/10.1007/s00262-018-2158-4
http://doi.org/10.1126/science.aaa1348
http://doi.org/10.1056/NEJMoa1709684
http://doi.org/10.1016/j.cell.2017.07.024
http://doi.org/10.1073/pnas.0806075105
http://doi.org/10.1158/2326-6066.CIR-15-0210
http://doi.org/10.1158/2326-6066.CIR-13-0068
http://doi.org/10.1073/pnas.1417320112
http://doi.org/10.1158/1078-0432.CCR-18-0762
http://doi.org/10.1016/j.ccell.2018.02.010
http://doi.org/10.1182/blood-2006-09-045245
http://doi.org/10.1158/1078-0432.CCR-12-1177
http://doi.org/10.1097/CJI.0b013e31825898c5
http://www.ncbi.nlm.nih.gov/pubmed/22576345
http://doi.org/10.1056/NEJMoa0800251
http://www.ncbi.nlm.nih.gov/pubmed/18565862
http://doi.org/10.1126/science.1251102
http://www.ncbi.nlm.nih.gov/pubmed/24812403
http://doi.org/10.1172/JCI98689
http://www.ncbi.nlm.nih.gov/pubmed/29360643
http://doi.org/10.1182/bloodadvances.2019000600
http://doi.org/10.1172/jci.insight.99048
http://doi.org/10.1016/j.ymthe.2020.05.005
http://doi.org/10.1038/leu.2015.247
http://doi.org/10.1126/science.aaa4971
http://doi.org/10.1126/scitranslmed.aau5516

Cancers 2021, 13, 596 18 of 19

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

Marijt, K.A.; Blijleven, L.; Verdegaal, EM.E.; Kester, M.G.; Kowalewski, D.J.; Rammensee, H.G.; Stevanovi¢, S.; Heemskerk, M.H.M.;
Van Der Burg, S.H.; Van Hall, T. Identification of non-mutated neoantigens presented by TAP-deficient tumors. J. Exp. Med. 2018,
215, 2325-2337. [CrossRef] [PubMed]

Linnemann, C.; Van Buuren, M.M.; Bies, L.; Verdegaal, EM.E.; Schotte, R.; Calis, J.].A.; Behjati, S.; Velds, A.; Hilkmann, H.;
Atmioui, D.E.; et al. High-throughput epitope discovery reveals frequent recognition of neo-antigens by CD4+ T cells in human
melanoma. Nat. Med. 2015, 21, 81-85. [CrossRef] [PubMed]

Kreiter, S.; Vormehr, M.; Van De Roemer, N.; Diken, M.; Loéwer, M.; Diekmann, J.; Boegel, S.; Schrors, B.; Vascotto, F.;
Castle, J.C.; et al. Mutant MHC class II epitopes drive therapeutic immune responses to cancer. Nature 2015, 520, 692-696.
[CrossRef] [PubMed]

Haen, S.P; Loffler, M.W.; Rammensee, H.G.; Brossart, P. Towards new horizons: Characterization, classification and implications
of the tumour antigenic repertoire. Nat. Rev. Clin. Oncol. 2020, 17, 595-610. [CrossRef] [PubMed]

Abelin, ].G.; Harjanto, D.; Malloy, M.; Suri, P.; Colson, T.; Goulding, S.P.; Creech, A.L.; Serrano, L.R.; Nasir, G.; Nasrullah, Y.; et al.
Defining HLA-II Ligand Processing and Binding Rules with Mass Spectrometry Enhances Cancer Epitope Prediction. Immunity
2019, 51, 766-779.e17. [CrossRef]

Racle, J.; Michaux, J.; Rockinger, G.A.; Arnaud, M.; Bobisse, S.; Chong, C.; Guillaume, P.; Coukos, G.; Harari, A.; Jandus, C.; et al.
Deep motif deconvolution of HLA-II peptidomes for robust class II epitope predictions. bioRxiv 2019, 1-4. [CrossRef]

Yadav, M.; Jhunjhunwala, S.; Phung, Q.T.; Lupardus, P; Tanguay, J.; Bumbaca, S.; Franci, C.; Cheung, T.K.; Fritsche, J.;
Weinschenk, T.; et al. Predicting immunogenic tumour mutations by combining mass spectrometry and exome sequencing.
Nature 2014, 515, 572-576. [CrossRef]

Bassani-Sternberg, M.; Braunlein, E.; Klar, R.; Engleitner, T.; Sinitcyn, P.; Audehm, S.; Straub, M.; Weber, ].; Slotta-Huspenina, J.;
Specht, K.; et al. Direct identification of clinically relevant neoepitopes presented on native human melanoma tissue by mass
spectrometry. Nat. Commun. 2016, 7, 1-16. [CrossRef]

Marty, R.; Kaabinejadian, S.; Rossell, D.; Slifker, M.].; van de Haar, J.; Engin, H.B.; de Prisco, N.; Ideker, T.; Hildebrand, W.H.;
Font-Burgada, J.; et al. MHC-I Genotype Restricts the Oncogenic Mutational Landscape. Cell 2017, 171, 1272-1283.e15. [CrossRef]
Pyke, M.R.; Thompson, WK.; Salem, R.M.; Zanetti, M.; Carter, H. Evolutionary Pressure against MHC Class II Binding Cancer
Mutations. Cell 2018, 175, 416—428.e13. [CrossRef]

Kowalewski, D.J.; Schuster, H.; Backert, L.; Berlin, C.; Kahn, S.; Kanz, L.; Salih, H.R.; Rammensee, H.G.; Stevanovig, S.; Stickel, ].S.
HLA ligandome analysis identifies the underlying specificities of spontaneous antileukemia immune responses in chronic
lymphocytic leukemia (CLL). Proc. Natl. Acad. Sci. USA 2015, 112, E166-E175. [CrossRef]

Schuster, H.; Peper, ] K.; Bosmiiller, H.C.; Rohle, K.; Backert, L.; Bilich, T.; Ney, B.; Loffler, M.W.; Kowalewski, D.J.;
Trautwein, N.; et al. The immunopeptidomic landscape of ovarian carcinomas. Proc. Natl. Acad. Sci. USA 2017, 114, E9942-E9951.
[CrossRef] [PubMed]

Marcu, A.; Bichmann, L.; Kuchenbecker, L.; Kowalewski, D.].; Freudenmann, L.K.; Backert, L.; Mtihlenbruch, L.; Szolek, A.;
Liibke, M.; Wagner, P; et al. The HLA Ligand Atlas—A resource of natural HLA ligands presented on benign tissues. bioRxiv
2020, 778944. [CrossRef]

Slingluff, C.L.; Lee, S.; Zhao, F; Chianese-Bullock, K.A.; Olson, W.C.; Butterfield, L.H.; Whiteside, T.L.; Leming, P.D.;
Kirkwood, ].M. A randomized phase II trial of multiepitope vaccination with melanoma peptides for cytotoxic T cells and helper
T cells for patients with metastatic melanoma (E1602). Clin. Cancer Res. 2013, 19, 4228-4238. [CrossRef]

Hilf, N.; Kuttruff-Coqui, S.; Frenzel, K.; Bukur, V.; Stevanovi¢, S.; Gouttefangeas, C.; Platten, M.; Tabatabai, G.; Dutoit, V.; van der
Burg, S.H.; et al. Actively personalized vaccination trial for newly diagnosed glioblastoma. Nature 2019, 566, E13. [CrossRef]
Ott, PA.; Hu, Z.; Keskin, D.B.; Shukla, S.A.; Sun, J.; Bozym, D.].; Zhang, W.; Luoma, A.; Giobbie-Hurder, A.; Peter, L.; et al.
An immunogenic personal neoantigen vaccine for patients with melanoma. Nature 2017, 547, 217-221. [CrossRef]

Kenter, G.G.; Welters, M.].P,; Valentijn, A.R.PM.; Lowik, M.].G.; Berends-van der Meer, D.M.A; Vloon, A.P.G.; Essahsah, F.;
Fathers, L.M.; Offringa, R.; Drijfthout, ].W.; et al. Vaccination against HPV-16 Oncoproteins for Vulvar Intraepithelial Neoplasia.
N. Engl. ]. Med. 2009, 361, 1838-1847. [CrossRef]

Schuhmacher, J.; Heidu, S.; Balchen, T.; Richardson, J.R.; Schmeltz, C.; Sonne, J.; Schweiker, J.; Rammensee, H.G.; Thor Straten, P.;
Reder, M.A.; et al. Vaccination against RhoC induces long-lasting immune responses in patients with prostate cancer: Results
from a phase I/1I clinical trial. . Immunother. Cancer 2020, 8. [CrossRef]

Perez, S.A.; Kallinteris, N.L.; Bisias, S.; Tzonis, P.K.; Georgakopoulou, K.; Varla-Leftherioti, M.; Papamichail, M.; Thanos, A.;
Von Hofe, E.; Baxevanis, C.N. Results from a phase I clinical study of the novel Ii-key /HER-2/neu(776- 790) hybrid peptide
vaccine in patients with prostate cancer. Clin. Cancer Res. 2010, 16, 3495-3506. [CrossRef]

Melief, C.J.M.; Van Hall, T.; Arens, R.; Ossendorp, F.; Van Der Burg, S.H. Therapeutic cancer vaccines. J. Clin. Investig. 2015, 125,
3401-3412. [CrossRef]

Sahin, U.; Kariké, K.; Tiireci, O. mRNA-based therapeutics-developing a new class of drugs. Nat. Rev. Drug Discov. 2014, 13,
759-780. [CrossRef] [PubMed]

Rammensee, H.G.; Wiesmdiller, K.H.; Chandran, P.A.; Zelba, H.; Rusch, E.; Gouttefangeas, C.; Kowalewski, D.].; Di Marco, M.;
Haen, S.P.; Walz, ].S.; et al. A new synthetic toll-like receptor 1/2 ligand is an efficient adjuvant for peptide vaccination in a
human volunteer. J. Immunother. Cancer 2019, 7. [CrossRef] [PubMed]


http://doi.org/10.1084/jem.20180577
http://www.ncbi.nlm.nih.gov/pubmed/30115740
http://doi.org/10.1038/nm.3773
http://www.ncbi.nlm.nih.gov/pubmed/25531942
http://doi.org/10.1038/nature14426
http://www.ncbi.nlm.nih.gov/pubmed/25901682
http://doi.org/10.1038/s41571-020-0387-x
http://www.ncbi.nlm.nih.gov/pubmed/32572208
http://doi.org/10.1016/j.immuni.2019.08.012
http://doi.org/10.1101/539338
http://doi.org/10.1038/nature14001
http://doi.org/10.1038/ncomms13404
http://doi.org/10.1016/j.cell.2017.09.050
http://doi.org/10.1016/j.cell.2018.08.048
http://doi.org/10.1073/pnas.1416389112
http://doi.org/10.1073/pnas.1707658114
http://www.ncbi.nlm.nih.gov/pubmed/29093164
http://doi.org/10.1101/778944
http://doi.org/10.1158/1078-0432.CCR-13-0002
http://doi.org/10.1038/s41586-019-0959-z
http://doi.org/10.1038/nature22991
http://doi.org/10.1056/NEJMoa0810097
http://doi.org/10.1136/jitc-2020-001157
http://doi.org/10.1158/1078-0432.CCR-10-0085
http://doi.org/10.1172/JCI80009
http://doi.org/10.1038/nrd4278
http://www.ncbi.nlm.nih.gov/pubmed/25233993
http://doi.org/10.1186/s40425-019-0796-5
http://www.ncbi.nlm.nih.gov/pubmed/31730025

Cancers 2021, 13, 596 19 of 19

133.

134.

135.

136.

137.

138.

139.

140.

Hagihara, K.; Chan, S.; Zhang, L.; Oh, D.Y.; Wei, X.X.; Simko, J.; Fong, L. Neoadjuvant sipuleucel-T induces both Th1 activation
and immune regulation in localized prostate cancer. Oncoimmunology 2019, 8, €1486953. [CrossRef]

Gjertsen, M.K,; Buanes, T.; Rosseland, A.R.; Bakka, A.; Gladhaug, I.; Sreide, O.; Eriksen, J.A. Intradermal ras peptide vaccination
with granulocyte-macrophage colony-stimulating factor as adjuvant: Clinical and immunological responses in patients with
pancreatic adenocarcinoma. Int. J. Cancer 2001, 92, 441-450. [CrossRef]

Wedén, S.; Klemp, M.; Gladhaug, I.P.; Maller, M.; Eriksen, J.A.; Gaudernack, G.; Buanes, T. Long-term follow-up of patients with
resected pancreatic cancer following vaccination against mutant K-ras. Int. J. Cancer 2011, 128, 1120-1128. [CrossRef]

Welters, M.].P; Kenter, G.G.; De Vos Van Steenwijk, PJ.; Lowik, M.].G.; Berends-van Der Meer, D.M.A.; Essahsah, F;
Stynenbosch, L.EM.; Vloon, A.P.G.; Ramwadhdoebe, T.H.; Piersma, S.].; et al. Success or failure of vaccination for HPV16-positive
vulvar lesions correlates with kinetics and phenotype of induced T-cell responses. Proc. Natl. Acad. Sci. USA 2010, 107,
11895-11899. [CrossRef]

Hu, Y,; Petroni, G.R.; Olson, W.C.; Czarkowski, A.; Smolkin, M.E.; Grosh, WW.; Chianese-Bullock, K.A.; Slingluff, C.L. Im-
munologic hierarchy, class Il MHC promiscuity, and epitope spreading of a melanoma helper peptide vaccine. Cancer Immunol.
Immunother. 2014, 63, 779-786. [CrossRef]

Sahin, U.; Derhovanessian, E.; Miller, M.; Kloke, B.P; Simon, P.; Lower, M.; Bukur, V.; Tadmor, A.D.; Luxemburger, U.;
Schrors, B.; et al. Personalized RNA mutanome vaccines mobilize poly-specific therapeutic immunity against cancer. Nature 2017,
547,222-226. [CrossRef]

Ott, PA.; Hu-Lieskovan, S.; Chmielowski, B.; Govindan, R.; Naing, A.; Bhardwaj, N.; Margolin, K.; Awad, M.M.; Hellmann, M.D.;
Lin, J.J.; et al. A Phase Ib Trial of Personalized Neoantigen Therapy Plus Anti-PD-1 in Patients with Advanced Melanoma,
Non-small Cell Lung Cancer, or Bladder Cancer. Cell 2020, 183, 347-362.e24. [CrossRef]

Castro, A.; Pyke, RM.; Zhang, X.; Thompson, WK_; Day, C.-P.; Alexandrov, L.B.; Zanetti, M.; Carter, H. Strength of immune
selection in tumors varies with sex and age. Nat. Commun. 2020, 11, 4128. [CrossRef]


http://doi.org/10.1080/2162402X.2018.1486953
http://doi.org/10.1002/ijc.1205
http://doi.org/10.1002/ijc.25449
http://doi.org/10.1073/pnas.1006500107
http://doi.org/10.1007/s00262-014-1551-x
http://doi.org/10.1038/nature23003
http://doi.org/10.1016/j.cell.2020.08.053
http://doi.org/10.1038/s41467-020-17981-0

	Introduction 
	Basics on CD4+ T Cells: Commitment, Plasticity, and Functions 
	Priming of CD4+ T Cells 
	Effector CD4+ T Cell Subsets and Their Identification 
	CD4+ T Cell Memory and Cytotoxic Potential 
	Plasticity of CD4+ T Cells 
	Lessons from Immunity and Vaccination against Pathogens 

	CD4+ T Cells in Cancer: Multipotent Effectors Orchestrating Antitumor Immunity 
	Evidence from Human Tumors 
	Antitumor CD4+ T Cells in the Blood of Patients and Systemic Biomarkers of Therapy Responses 

	Harnessing CD4+ T Cells for Immunotherapy 
	Checkpoint Blockade 
	Adoptive Transfer Approaches 
	Cancer Vaccines 
	MHC-Class II Epitope Discovery Approaches 
	Targeting CD4+ T Cells with Vaccines 

	Immunoediting by CD4+ T Cells? 

	Conclusions 
	References

