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Abstract

During chronic infections and cancer, T cells progressively lose function and become exhausted.
However, effective T-cell responses are necessary to ultimately control viral infections and
tumors. Hence, strategies that either restore endogenous immune responses or provide functional
T cells by adoptive immunotherapy need to be explored. CD8 T cells play a prominent role in
viral infections, as well as cancer, but CD4 T cells are necessary to support CD8 T-cell function.
In addition, CD4 T cells exert direct effector functions, induce optimal B-cell responses and
orchestrate innate immunity. Therefore, we propose that adoptive transfer strategies should exploit
CD4 T cells alone or in combination with CD8 T cells, for the treatment of chronic infections and
cancer. Furthermore, since adoptively transferred cells are subject to exhaustion, combining
adoptive transfer therapy with immunotherapies that inhibit T-cell exhaustion should maximize
the longevity and success rate of responses.
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CDA T cells greatly impact the course of viral infections [1], and the role of CD4 T cells in
anti-tumor responses is receiving growing attention [2]. CD4 T cells secrete multiple
cytokines that can have direct effector functions, but also activate other immune cells. In
addition, activated CD4 T cells express CD40L, which provides important signals to B cells,
dendritic cells (DCs) and even CD8 T cells. Since both CD8 T cells and B cells rely on CD4
help for optimal responses, CD4 T cells have the unique role to coordinate cellular and
humoral responses [1].

In contrast to acute infections that are resolved by effective immune responses, during
chronic infections and cancer, T cells progressively lose function and become exhausted.
High levels of continuous antigen stimulation can even culminate in physical deletion of
exhausted antigen-specific T cells [3]. T-cell exhaustion has been best described in CD8 T
cells, but CD4 T cells also become exhausted due to persistent antigen stimulation [4-7].
Both extrinsic and intrinsic factors drive a specific gene-expression program characteristic
of exhausted T cells. Immunosuppressive cytokines (e.g., TGF-p and IL-10) and cells (e.g.,
Tregs and myeloid suppressor cells), as well as altered antigen presentation, are all extrinsic
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factors that can promote T-cell dysfunction. In addition, persistent antigen stimulation
induces sustained expression of inhibitory receptors, such as PD-1, which intrinsically
regulate T-cell exhaustion [3,8].

To ultimately control and achieve resolution of chronic viral infections or cancer, it is
necessary to restore functional T-cell responses. Alternatively to immunotherapies that
rescue endogenous immune responses, adoptive transfer of T cells can be employed. Viral-
specific T cells can confer immunity to patients that have failed to generate efficient viral
immune responses, and antitumor T cells can mediate cancer regression. CD8 T cells are
generally thought to be essential for viral and cancer control, hence adoptive transfer
strategies have largely focused on the transfer of CD8 T cells. Nonetheless, adoptive transfer
of CD4 T cells has shown success for the treatment of tumor-bearing recipients [2,9-12].
Additionally, we have recently shown that adoptive transfer of lymphocytic
choriomeningitis virus (LCMV)-specific CD4 T cells to chronically infected mice rescues
endogenous LCMV-specific CD8 T-cell responses and mediates viral control [13].

In this article, we summarize and discuss the role of CD4 T cells in chronic viral infections,
which have many parallels to cancer immunity. We also present recent advances and future
perspectives regarding adoptive cell transfer of CD4 T cells for the treatment of chronic
infections and cancer.

Central role of CD4 T cells in antiviral immune responses

The magnitude and quality of CD4 T-cell responses may determine the outcome of viral
infections. In HCV infection, robust CD4 T-cell responses are associated with resolution
[14]. Similarly, in HIV infection, a sufficient number of functionally active CD4 T cells
correlates to viral control [15]. Interestingly, in resolving acute hepatitis A virus (HAV)
infection in chimpanzees, anti-HAV CD4 T-cell responses are of higher magnitude and
functionality than CD8 T-cell responses, and viral control is temporally associated to the
anti-HAV CD4 T-cell response [16].

CDA T cells are able to instruct and coordinate several components of the immune system,
including CD8 T cells, B cells, DCs, macrophages and NK cells. In the following sections,
we will review the mechanisms whereby CD4 T cells are able to engage such diverse
immune responses, with emphasis on the control of chronic viral infections.

CD8 T cells rely on CD4 help during chronic infections

In the absence of CD4 help, chronic infections lead to more pronounced CD8 T-cell
exhaustion. Infection of mice with LCMV clone 13 leads to a chronic infection that lasts
more then 3 months, but is eventually cleared from most organs. However, if CD4 T cells
are transiently depleted during LCMV clone 13 infection, mice do not develop LCMV-
specific CD4 T cells and have multiorgan life-long viremia. In the absence of CD4 help,
LCMV-specific CD8 T cells become deeply exhausted and do not recover function [17,18].
Without CD4 help, B-cell responses are also impaired and antibodies also play a role in
viremia control during chronic LCMV infection [19], but this aspect will be addressed in the
following section.

CDA T cells are crucial to support CD8 T-cell responses to several viruses, including HCV
and HIV. CD4 memory T cells are required in HCV-immune chimpanzees to ensure optimal
CD8 T-cell responses that can rapidly eliminate virus and control escape mutants during
reinfection [20]. Moreover, in humans, IL-2 production by HCV-specific CD4 T cells
correlates with immune protection and recovery from infection [14]. In HIV long-term
nonprogressor patients, in vitro proliferation of CD8 T cells to HIV peptides is abrogated
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when CD4 T cells are depleted, showing that CD4 T cells sustain anti-HIV CD8 T-cell
responses [15].

In many situations CD8 T cells rely on CD4 T-cell help in the form of DC licensing (Figure
1A) in order to undergo efficient priming and appropriate differentiation into memory cells.
Shortly after antigen recognition, CD4 T cells express CD40L and activate DCs presenting
cognate antigen through CD40 cross-linking [21-23]. Additionally, direct CD40 ligation on
CD8 T cells by cognate CD40L* CD4 T cells may also play a role on CD8 T-cell activation
(Figure 1A) [24]. Still, it is well established that CD4-licensed DCs become activated and
better APCs due to increased expression of costimulatory molecules and enhanced ability to
secrete cytokines such as IL-1, IL-6, TNF-a and IL-15 [1]. Although some reports argue that
viral infections may provide enough inflammatory signals to directly induce optimal DC
activation, in a chronic infection setting, when acute inflammatory signals have waned, CD4
help may be critical to activate DCs presenting viral antigens to promote rescue of exhausted
CD8 T cells.

CDA T cells can also modulate CD8 T-cell recruitment and migration. Activated CD4 T
cells and CD4-licensed DCs produce chemokines, such as CCL3 (MIP-1a) and CCL4
(MIP-1p) that attract CD8 T cells to sites where APCs have cognate antigen [25]. In
addition, IFN-y production by activated CD4 T cells can trigger the surrounding tissue to
secrete CXCL9 and CXCL10, which are required to attract effector CD8 T cells to some
infection sites, as demonstrated for vaginal HSV-2 infection in mice [26].

CD4 helper T cells also secrete cytokines that can directly impact exhausted CD8 T cells
(Figure 1A). IL-2 administration to LCMV chronically infected mice, induces proliferation
of LCMV-specific CD8 T cells and results in decreased viral burden [27]. IL-2 production
by CD4 T cells has also been shown to play an important role for antiviral CD8 T-cell
function in HIV and HCV infection [14,28]. In addition, IL-21 production by CD4 T cells
sustains LCMV-specific CD8 T-cell responses during chronic infection [29-31]. Likewise,
in vitro experiments have shown that IL-21 can enhance functionality of exhausted HIV-
specific CD8 T cells [32]. The mechanisms whereby IL-21 supports CD8 T-cell function
during chronic infections are still ill-defined. A recent study has shown that IL-21 can
induce T-bet expression in CD8 T cells [33]. This is an interesting finding, since T-bet
promotes expression of several genes important for cytotoxic activity, as well as repressing
PD-1 expression during chronic LCMV infection [34].

Activated CD4 T cells can differentiate into different CD4 T-cell subsets that exhibit distinct
features and cytokine patterns. Viral infections induce type | interferons or IL-12 during
priming and thus antiviral CD4 T cells mostly differentiate into Thl cells. Th1 CD4 T cells
express the transcription factor T-bet, and are characterized by high IFN-y production, as
well as TNF-a and IL-2 (polyfunctional Thl cells) [1]. However, it is not clear if a
particular CD4 T-cell subset would be responsible or specialized to provide CD8 help.
While IL-2 production is associated with Th1l cells, highest IL-21 secretion is detected in T-
follicular helper cells — the CD4 T-cell subset specialized for B-cell help. Thus, CD4 T cells
with a mixed phenotype or different subsets of CD4 T cells might be needed to optimally
engage CD8 T-cell responses. In conclusion, CD4 T cells ensure optimal CD8 T-cell
responses and cognate CD4 help is specially required during chronic infections, when
conditions for CD8 T-cell priming are suboptimal.

CDA4 T cells are necessary for B-cell responses

Antibodies play an essential role in the prevention of most viral infections. The majority of
successful vaccines and acute-resolving infections induce neutralizing antibodies that
prevent or greatly diminish subsequent infections with the same pathogen. Even though B-
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cell responses are not sufficient for acute viral control in primary LCMV infection,
antibodies are needed to ensure long-term and complete virus elimination by complementing
CD8 T-cell-mediated virus control [19,35]. Furthermore, in chronic LCMV infection, the
appearance of neutralizing antibodies temporally correlates with resolution [19] and passive
administration of potent antiviral antibodies can reduce HIV burden in infected humanized
mice [36]. In addition to viral neutralization, antibodies can opsonize infected cells to induce
their destruction and elimination by phagocytes or the complement system [37]. Conversely,
the role of antibodies in cancer regression is much less explored. It has long been established
that transfer of immune cells to tumor-bearing recipients could mediate tumor regression
while serum could not. Still, antibodies against tumor antigens can activate the complement
system to lyse tumor cells and recruit innate effector cells, mediate antibody-dependent cell-
mediated cytoxicity, promote Fc-mediated phagocytosis, as well as enhance antigen
presentation of tumor antigens by DCs [38].

CDA T cells are required to generate high-affinity and long-lived antibody responses. CD4 T
cells drive affinity maturation and direct class switch recombination in germinal center (GC)
B cells. B cells undergo somatic hypermutation and the affinity of the B-cell receptor
determines the amount of antigen captured and presented into peptide—-MHC class Il
complexes. Therefore, B cells bearing a high-affinity B-cell receptor have a greater
likelihood to interact with limiting cognate CD4 T cells [39]. CD4 T cells provide IL-21 and
also CDA40 ligation to cognate B cells. GC B cells that receive T-cell help, survive and
differentiate into long-lived memory B cells or plasma cells (Figure 1B) [40,41].

T-follicular helper (Tfh) cells are the CD4 T-cell subset responsible for B-cell help. DC
priming can initiate Tfh cell differentiation program through induction of the transcriptional
repressor Bcl6. The cues required for early Tth cell differentiation remain ill-defined, but
both IL-6 and IL-12 have been shown to promote Bcl6 expression, while IL-2 signaling
represses Bcl6 through Blimp-1 induction [40,42]. Primed CD4 T cells downregulate CCR7
and move closer to the B-cell follicle. Subsequent interactions with cognate B cells are
required to stabilize Bcl6 expression, ensure CXCR5 expression and entrance into the GC
for the maintenance of a Tth cell differentiation program. Tth cells are CCR7~
CXCR5*Bcl6™, express SAP and have high expression of PD-1 and inducible T-cell
costimulator. In addition, it has been suggested that GL7 expression demarks Tfh cells
present in the GC, while GL7~ Tth cells localize in the follicle [42]. Interestingly, IL-21 and
CDA40L, the two most important T-cell features for B-cell help, are not exclusively
dependent on Bcl6, and can be expressed by non-Tfh cells [40]. Still, Tfh cells are the main
producers of IL-21. Besides IL-21, GC Tfh cells secrete other cytokines that direct B-cell
class switch recombination; for example, whereas IFN-vy favors 1gG2a, IL-4 favors IgG1
class switching [43].

Accumulation of Tth cells has been reported during chronic viral infections with LCMV in
mice [44], SIV in macaques [45,46] and HIV in humans [47]. In chronic LCMV infection,
late IL-6 production by GC follicular DCs was shown to be responsible for Tth cell
induction and was required for eventual control of LCMV infection [48]. Likewise, IL-6
levels are also increased during SIV chronic infection [45]. Remarkably, in HIV and SIV
infection, Tfh cells appear defective in providing adequate B-cell help, but the mechanisms
involved in this deregulation still need to be better defined. Interestingly, a recent study has
shown that during chronic HIV infection a higher frequency of GC B cells express PD-L1.
The authors in this study propose that excessive PD-1 signaling in Tfh cells during HIV
infection may compromise Tfh function, including IL-21 production [49]. Therefore, even
though Tfh cells accumulate during chronic viral infections, their function might be
impaired and effective B-cell responses cannot be sustained.
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In conclusion, CD4 T cells play a major role in humoral responses. Even though recent
studies have defined the CD4 T-cell differentiation program necessary to help B-cell
responses, much remains to be understood in terms of specific molecules and pathways
involved in CD4 T-cell differentiation for B-cell help.

CDA4 T cells can mediate direct antiviral effects

Cytokines derived from CD4 T cells, such as IFN-y and TNF-a can have pleiotropic
antiviral effects [50]. IFN-y and TNF-a can directly reduce viral replication in infected cells
and may also induce cell death. In addition, IFN-y plays a pivotal role in the activation of
macrophages and NK cells, which then exert antiviral activity (Figure 1C) [2,51]. Thus,
besides orchestrating cellular and humoral responses, CD4 T cells can also impact viral
innate immunity.

In addition, CD4 T cells can participate in viral control by direct killing of infected cells.
Several different cytotoxic mechanisms have been reported in CD4 T cells, such as FAS
ligand and TRAIL-mediated killing, as well as degranulation of granzymes and perforin
[51-53]. For example, in CMV infection, the presence of CMV-specific CD4 T cells
producing IFN-y correlates positively with virus control [54], and it has been shown that
CMV-specific CD4 T cells can have cytolytic activity [55]. In West Nile virus infection in
mice, CD4 T cells also confer protection that is at least partially mediated by direct
cytotoxic activity [56]. Lung epithelial cells express MHC class Il during influenza virus
infection in mice, and CD4 T cells in the lungs have a IFN-y-independent perforin-
dependent cytolytic phenotype, which contributes to recovery after infection [57].

Professional APCs, such as DCs, are very efficient in capturing either soluble or cell-
associated antigens for presentation to MHC class 1l molecules. Thus, viruses do not need to
infect cells that express MHC class |1 to trigger activation of antiviral CD4 T cells. On the
other hand, a significant role of cytolytic CD4 T cells in reduction of viral burden is
constrained by MHC class 11 expression on infected cells. Nonetheless, in humans, besides
professional APCs, both epithelial and endothelial cells can express MHC class 11,
depending on cytokine stimulation [51]. In conclusion, cytotoxic CD4 T cells may play a
role in viral control in some infections, especially when evasion mechanisms include
downregulation of MHC class | presentation. Similarly to the situation in viral infections,
CDA T cells that recognize tumor antigens can also mount effective immune responses
against tumors that do not express MHC class Il molecules, either by secretion of cytokines
that can directly affect tumor cells or by orchestrating activation of other immune cells [58].

Adoptive T-cell immunotherapy

Adoptive transfer of virus-specific T cells has been successfully employed in hematopoietic
cell transplantation (HCT) patients to prevent reactivation of endogenous latent viruses or
acute infections from opportunistic viruses. Early studies have shown that bulk T-cell
transfer from EBV-immune bone marrow donors could treat EBV-associated B-cell
lymphoma in transplant recipients [59]. However, transfer of bulk T cells was also
associated with increased graft-versus-host disease. Posterior studies then showed that
transfer of EBV-specific T cells into immunocompromised patients provided long-term
protection with minimal side effects [60-62]. Likewise, transfer of CMV-specific T-cell
clones also provided protection to allogeneic bone marrow transplant recipients [63,64].

Adoptive T-cell therapy has also been successfully used to treat cancer. Adoptive therapy
with transfer of expanded tumor-infiltrating T cells can mediate objective responses in
approximately half of stage 1V melanoma patients and even durable complete responses in
some individuals [65].
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Adoptive transfer of CD4 T cells

Transfer of CMV-specific CD8 T-cell clones can provide protection to allogeneic bone
marrow transplant recipients against CMV infection, but CMV-specific CD4 T cells are
required for the persistence of transferred CD8 T cells [64]. Similarly, control of chronic
LCMV infection was only achieved with adoptive transfer of both CD8 and CD4 T cells
from LCMV-immune mice [66,67]. It has been reported that 20 out of 31 HBV chronically
infected patients that received HCT from HBV-immune donors cleared the virus, and none
of those individuals developed liver cirrhosis [68]. Importantly, in HBV infection, both CD8
and CD4 T-cell responses have been associated with viral control. In addition, adoptive
transfer of HIV-specific CD8 T-cell clones to HIV-infected patients only provided a
transient decrease in viral burden, consistent with the disappearance of the transferred cells
[69]. This is probably not surprising, since HIV chronically infected patients have a paucity
of CD4 T cells, and CD8 T cells are particularly dependent on CD4 T-cell help during
chronic infections. Importantly, CD4 T cells isolated during acute HIV infection can support
ex vivo proliferation of HIV-specific CD8 T cells from chronically infected individuals [28].
In summary, there is broad evidence that adoptive T-cell therapy could be an effective
treatment for chronic viral infections, and the presence or transfer of viral-specific CD4 T
cells may be essential to support antiviral responses.

Nevertheless, clinical trials with adoptive transfer of CD4 T cells are scarce and studies in
animal models have been mostly restricted to cancer therapy [2]. Interestingly, one of the
early landmark papers in adoptive T-cell therapy described that CD4 T cells — and not CD8
T cells — mediated efficient control of established murine leukemia, in combination with
cyclophosphamide chemotherapy [9]. Several studies have now shown that adoptive transfer
of CD4 T cells specific for tumor antigens can mediate elimination of tumor cells. In a
mouse model of melanoma expressing the tumor antigen p97, adoptive transfer of CD4 T-
cell clones specific for p97 were able to eradicate melanoma metastasis in the lungs. CD4 T
cells did not mediate direct tumor lysis, but secreted cytokines that could activate
macrophages with tumoricidal activity [10]. Activation of NK cells by tumor-specific CD4
T cells also mediated efficient MB49 bladder carcinoma rejection [58]. In another mouse
model, transfer of activated CD4 T-cell clones specific for a protein expressed by a sarcoma
tumor cell line elicited endogenous CD8 T-cell responses and promoted tumor control [11].
An interesting case report described complete clinical remission of metastatic melanoma in a
patient that received autologous CD4 T-cell clones specific for the tumor antigen NY-
ESO-1. Adoptively transferred CD4 T cells persisted for at least 3 months and triggered
endogenous T-cell responses to other melanoma-associated tumor antigens [12]. Thus,
protocols assessing transfer of T cells for cancer therapy, should carefully analyze the cells
selected for adoptive transfer (CD8 or CD4 T cells, or a mixture of both T-cell subsets) to
evaluate the efficacy of tumor regression and establish immune correlates for partial and
complete responses.

In mice chronically infected with LCMV, we have shown that adoptive transfer of naive or
effector CD4 T cells specific for a single LCMV epitope, was able to stimulate endogenous
responses to control viremia. Importantly, CD4 help rescued exhausted CD8 T cells specific
to major and minor LCMV epitopes. This is an important aspect, because induction of
immune responses with increased breadth are thought to be especially required for the
control of highly mutagenic viruses [70]. In addition to CD8 T-cell responses, adoptive
transfer of LCMV-specific CD4 T cells to chronically infected mice also restored B-cell
responses to LCMV antigens. Thus, provision of T-cell help can stimulate GC reactions and
induce antibody responses during chronic infections [13]. In conclusion, adoptively
transferred CD4 T cells can coordinate effective, broad and long-lasting immune responses.
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Strategies to improve adoptive T-cell immunotherapy

Protocols that improve ex vivo generation of a large number of T cells with the desired
phenotype, as well improve expansion and function of the transferred cells in the hosts are
still being optimized (Figure 2) [71]. In the following sections, we have chosen to highlight
a few of the recent advances in the knowledge and techniques that may positively impact the
success of adoptive T-cell immunotherapy.

Expansion & differentiation of effective T cells

High numbers of viral-specific T cells suitable for adoptive transfer can be generated by ex
vivo expansion of autologous cells. This methodology is based on the premise that antiviral
T cells are present in chronically infected hosts and can be expanded given the right
conditions. It has the disadvantage of relying on small numbers of antiviral T cells and also
that the cells of interest might be exhausted and, thus, less permissive to proliferation and
acquisition of effector functions. Nonetheless, in cancer patients, this method has worked
remarkably well for melanoma treatment [65], demonstrating that T cells bearing the right
specificity are present within tumors, and isolation and culture of T cells can remove
immunosuppression.

Antigen-specific CD4 T cells can be expanded with peptide-pulsed APCs (when relevant
peptides have been identified), APCs fused to or fed with infected/tumor cells, or even
polyclonal stimulation, when the initial T-cell population is enriched for the desired
specificity. For example, high-dose IL-2 can expand tumor-infiltrating lymphocytes with
multiple specificities to the tumor and, combined with short-term anti-CD3 stimulation, can
generate enough cells for reinfusion [72].

Not many CD4 T-cell epitopes shared between patients with a particular cancer have been
described, thus, personalized immunotherapies involving expansion of tumor-infiltrating
lymphocytes have prevailed in cancer immunotherapy. Nonetheless, it would be highly
advantageous to have defined peptides that would stimulate antitumor T cells, and many
research groups are actively engaged in this purpose. For example, a considerable
percentage of melanoma patients have CD4 T cells (and also CD8 T cells) that recognize the
tyrosinase antigen [73]. In addition, MART-1, a differentiation antigen expressed in the
majority of melanomas, contains epitopes for both CD8 and CD4 T cells, and MART-1
phosphoepitopes are more restricted to malignant cells [74]. Also in melanoma, the common
B-raf V599E mutant protein can be presented onto MHC class Il molecules [75].

While one of the challenges in cancer immunotherapy resides in the identification of
antigens that are different from the ‘normal-self’, in viral infections, the difficulty resides in
finding epitopes conserved between different viral isolates. In this regard, T-cell therapies
for chronic infections might need to be personalized in a similar way as cancer
immunotherapies. Alternatively, it could be envisaged that by eliciting an immune response
to multiple conserved epitopes that are important for viral fitness, it could be possible to
control chronic infections with highly mutagenic viruses such as HIV, HCV and HBV,
without selection of escape variants.

Another essential aspect for the efficacy of adoptive immunotherapy, is conditioning of the
host. Adoptive transfer into lymphopenic environments (e.g., recipients of HCT) facilitates
expansion of the transferred T-cell population. Reduced competition for cytokines such as
IL-15 and IL-7 promotes memory T-cell proliferation and survival [76]. In addition,
depletion of suppressive cells, such as Tregs and myeloid-derived suppressor cells may also
play a role. Importantly, conventional antitumor treatments consisting of chemotherapy or
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irradiation promote lymphodepletion in cancer patients and thus facilitate subsequent
engraftment and survival of adoptively transferred T cells [77].

In chronic infections, short persistence of the transferred cells is probably one of the major
obstacles to successful adoptive transfer. For adoptive transfer of CD8 T cells, it has been
shown that effector memory cells have a dramatically reduced survival when compared with
central memory CD8 T cells [78], but similar analyses for CD4 T cells are still lacking. It is
worth noting that in our study, adoptive transfer of naive CD4 T cells was more efficient
than transfer of effector cells [13], probably due to differences in expansion and survival.
Although costly, multiple T-cell transfers could be performed to overcome the short survival
of adoptively transferred cells. However, ideally, the method used for T-cell expansion or
host conditioning could be tailored to enhance survival and expansion of adoptively
transferred T cells.

The diversity in CD4 T-cell phenotypes is another important aspect to be considered in
adoptive T-cell therapy. Upon activation, CD4 T cells differentiate into distinct subsets with
specialized functions, and whether a particular CD4 T-cell subset would be more desirable
to aid in the control of chronic viral infections is an important question that still needs to be
addressed. Tfh cells are necessary to provide B-cell help, and IL-21 production by CD4 T
cells plays a critical role to limit CD8 T-cell exhaustion and promotes rescue [30-32].
However, Th1 cells have been classically considered to be the CD4 T cells involved in viral
control [1]. Although, there is considerable plasticity in cytokine production by different
CD4 T-cell subsets. For example, both Tth and Th1 cells are generated after acute LCMV
infection and both subsets can produce 1L-21 and IFN-y (albeit at different levels) [79].
Hence, it is conceivable that either Tfh or Th1l cells might be able to provide CD8 help in
viral infections. Nonetheless, B-cell help might be constrained to Tfh cells that express
CXCRS5 and can enter the B-cell follicle.

Future studies need to evaluate the efficacy of adoptive transfer of different CD4 T-subsets
for chronic viral infections and cancer. Recent advances in T-cell culture techniques have
improved the quality of APCs. In addition, manipulation of culture conditions with
cytokines (or cytokine signaling blockade) can allow expansion of a particular subset of
CDA T cells. Moreover, methods that avoid transfer of suppressive CD4 Tregs should
improve efficacy of adoptive T-cell transfer [71].

Genetic modifications of T cells for adoptive transfer

Alternatively to antigen-driven expansion of T cells with the desired specificity, T cells can
be engineered to express a new T-cell receptor (TCR) or chimeric antigen receptor (CAR).
Even though introduction of a new TCR can confer high avidity and specificity to viral
antigens, mispairing with endogenous TCR chains can result in T cells with undesired
specificity and autoimmune reactivity. Strategies that optimize exogenous TCR-chain
pairing or use y8-T cells as recipients can minimize off-target activity, but MHC restriction
is still a limitation for the widespread use of antiviral TCR gene introduction. CARs have
the advantage to overcome MHC restriction, but can only be directed to native proteins
expressed on the surface of target cells, such as proteins from enveloped viruses. CARs are
composed of a single-chain antibody-binding domain fused to the CD3( chain alone or
combined with the signaling domain of costimulatory molecules (e.g., 4-1BB or CD28) [80].
Impressive results in the treatment of acute and chronic B-cell lymphocytic leukemia have
recently been reported with the use of adoptive T-cell therapy consisting of autologous T
cells expressing CD19-specific CARs [81-83]. Interestingly, those studies have used a
mixture of T cells and the mean frequency of CD4 T cells among the reinfused CD19-
specific T cells has varied between 46 to 83% in different clinical trials, but the
consequences of different CD8 to CD4 T-cell ratios has not been explored [84-86].
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Recent advances regarding genetic modifications of T cells have also prompted clinical
trials with adoptive CD4 T-cell transfer for the treatment of HIV-infected patients. HIV
infects CD4 T cells that coexpress CCR5, but some virus strains can also use CXCR4 as a
coreceptor. Hence, strategies that reduce expression of those chemokine receptors in CD4 T
cells have been envisaged to control HIV spread and restore CD4 T-cell counts. It was first
reported that ex vivo costimulation of CD4 T cells with anti-CD28 reduced expression of
CCR5. HIV-infected individuals that received CD28 costimulated autologous CD4 T cells
had a sustained increase in CD4 T-cell counts and no increase in HIV burden [87]. Novel
technologies using zinc-finger nucleases (ZFNs) that produce DNA double-strand breaks at
sites recognized specifically by zinc-finger protein motifs, can achieve genetic disruption of
CCRS5 or CXCR4 expression in CD4 T cells [88,89]. Primary CD4 T cells transduced with
adenovirus vector expressing CCR5 ZFNs had a survival advantage to HIV-1 infection in
vitro. Moreover, adoptive transfer of CCR5-disrupted CD4 T cells increased CD4 T-cell
counts and lowered plasma viremia in a mouse model of HIV-1 infection [88]. Based on
these results, one clinical trial involving autologous CD4 T cells modified with ZFN-
mediated CCR5 gene disruption for the treatment of HIV-infected patients has been
completed and other studies have been planned or are ongoing [101-103].

Improving T-cell function by blockade of the PD-1 pathway

Similar to CD8 T cells, CD4 T cells become exhausted during chronic antigen stimulation
and inhibitory receptors play a major role in CD4 dysfunction. Exhausted CD4 T cells
express PD-1 and LAG-3, but unlike CD8 T cells, do not express 2B4 or CD160 [5,7].

PD-1 engagement attenuates TCR and CD28-activating signals thereby preventing T-cell
effector functions [90]. In HIV infection, PD-1 expression on CD4 T cells positively
correlates with viral load and inversely correlates with CD4 T-cell counts [4]. Also, in vitro
blockade of PD-1 signaling in exhausted CD4 T cells from HIV-infected patients improves
not only proliferation but also secretion of cytokines [4,5]. In CMV-seropositive transplant
patients, a large fraction of virus-specific CD4 T cells express high levels of PD-1, which
coincides with lower IFN-y production and a lack of I1L-2 secretion. Consistent with an
exhausted phenotype, in vitro blockade of the PD-1 pathway enhances proliferation of
CMV-specific CD4 T cells [6]. In a mouse model of chronic malaria, Plasmodium-specific
CDA4 T cells become dysfunctional as measured by impaired cytokine production upon
restimulation. In this model, exhausted CD4 T cells express PD-1 and the inhibitory
molecule LAG-3. Importantly, blockade of PD-1 and LAG-3 inhibitory pathways during
murine chronic malaria increased the frequency and functionality of Plasmodium-specific
CDAT cells, induced robust antibody responses and resulted in accelerated parasite
clearance [7]. Thus, similar to CD8 T cells [91,92], exhausted CD4 T-cell responses can be
rescued by blockade of the PD-1 pathway.

T cells transferred into chronically infected patients also become exhausted if viral control is
not achieved in a timely manner. LCMV- specific CD4 T cells upregulate and maintain
PD-1 expression when adoptively transferred into chronically infected mice. Even though
transferred CD4 T cells produced cytokines to LCMV antigens, the functionality of those
cells was much inferior to effector CD4 T cells obtained during acute LCMYV infection.
Importantly, blockade of PD-1 signaling improved polyfunctionality of LCMV-specific
CDA T cells transferred into chronically infected mice. Therefore, combining CD4 T-cell
adoptive transfer with blockade of the PD-1 inhibitory pathway improved function in both
LCMV-specific CD4 and CD8 T cells and resulted in a highly significant reduction in viral
load [13].

Similarly, it was recently reported that adoptive CD4 T-cell therapy can promote eradication
of established melanoma in mice, but transferred CD4 T cells acquire an exhausted
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phenotype and melanoma reoccurrence can occur. The authors then show that combining
blockade of the PD-1 and LAG-3 pathways could successfully treat mice with melanoma
reoccurrence [93].

In conclusion, we propose that blockade of inhibitory pathways, such as PD-1, should be
combined with adoptive transfer therapies. PD-1 blockade will not only enhance function of
the transferred cells, but also improve rescue of endogenous T-cell responses. Notably,
blockade of the PD-1 pathway as a single therapy has shown promising results in Phase |
clinical trials for advanced cancer patients [94-96]. Hence, combination treatments should
increase the success rate and longevity of immunotherapies.

Conclusion

CDA T cells play a key role during chronic viral infections. CD8 T cells are particularly
dependent on CD4 T cells during chronic stimulation as CD4 help reduces the extent of CD8
T-cell exhaustion. In addition, B-cell responses, which also rely on cognate interactions with
CDA T cells, supplement CD8-mediated viral control. Importantly, when antiviral immune
responses have failed and chronic infection is established, adoptive transfer of antiviral CD4
T cells can reinvigorate endogenous responses. Likewise, transfer of CD4 T cells specific
for tumor antigens can promote regression of established tumors. Thus, transfer of CD4 T
cells can orchestrate broad and long-lasting immune responses that enable viral and cancer
control.

Future perspective

Personalized therapy in the form of adoptive T-cell transfer has shown impressive results in
some patients with treatment-refractory metastatic cancer. In the same way, patients with
chronic viral infections should also benefit from T-cell therapy. Current therapies for HBV
and HCV are limited and true cure is a rare event. For HIV patients, drugs that inhibit viral
replication have drastically improved the lives of chronically infected patients, but lifelong
treatment is needed. Recent advances regarding the generation of CD4 T cells refractory to
HIV infection, and ongoing clinical trials with HIV chronically infected patients, should
boost the field of CD4 T-cell therapy for chronic viral infections. Long-term B-cell cancer
remission in patients treated with T cells bearing anti-CD19 CARs should further encourage
the use of CAR technology to create potent antitumor and antiviral T cells. Furthermore, it
will be important to dissect the specific roles of CD4 T cells and CD8 T cells within
adoptively transferred T cells. CD4 T cells need to be moved from a coadjuvant role to a
leading role in orchestrating effective immune responses. Further studies evaluating the
advantages of CD4 T-cell transfer as a single therapy or in conjunction to CD8 T cells
should be performed. Importantly, the concept that multiple immunotherapies should be
combined to increase treatment success rate is a recurrent theme. Thus, we anticipate that
immunotherapies that block inhibitory pathways (e.g., the PD-1 pathway) in combination
with adoptive T-cell therapy will greatly contribute to the long-term maintenance of
effective immune responses to achieve resolution of chronic infections and cancer.
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Figure 1. CD4 T cellscan reinvigorateimmune responses by activating different arms of the
immune system

During chronic lymphocytic choriomeningitis virus (LCMV) infection, virus-specific CD8 T
cells are exhausted and B cells are not engaged in effective antiviral responses. (A) CD8
help. Adoptive transfer of LCMV-specific CD4 T cells into chronically infected mice
rescues CD8 T cells. CD4 T cells may provide help to cognate CD8 T cells by licensing
APCs. Activated CD4 T cells express CD40L, which crosslinks CD40 on the surface of
APCs (i), and it may also provide direct signals to CD8 T cells (ii). (i) CD40 crosslinking on
APCs induces an increase in MHC class | expression and costimulatory B7 molecules,
which enhance antigen presentation and CD8 T-cell activation. (ii) Activated CD4 T cells
secrete cytokines that directly enhance function of exhausted CD8 T cells (e.g., IL-21 and
IL-2). (B) B-cell help. CD4 T cells provide help to cognate B cells in the form of CD40
ligation and IL-21. B cells that receive T-cell help in the germinal center reaction are
selected to become memory B cells or plasma cells. Hence, adoptive transfer of LCMV-
specific CD4 T cells can orchestrate and restore endogenous antiviral responses to promote
viral control. (C) Pleiotropic antiviral effects. Increased production of IFN-y and TNF-a
(derived from both transferred CD4 T cells and rescued endogenous CD8 T cells) can recruit
and activate effector cells from the innate immune system (e.g., macrophages, monocytes,
eosinophils, neutrophils and NK cells). In addition, IFN-y and TNF-a can have direct effects
on infected cells, by inhibiting viral replication and also promoting cell death. Importantly,
during chronic infections, exhausted CD8 T cells express the inhibitory receptor PD-1, and
PD-1 ligands are ubiquitously expressed during persistent inflammation. Therefore, CD8 T-
cell rescue is limited by the PD-1 pathway. In addition, CD4 T cells also express PD-1 upon
activation and are not optimally functional in chronically infected hosts. Thus, blockade of
the PD-1 pathway in combination with adoptive transfer of CD4 T cells results in enhanced
function of transferred CD4 T cells and improved rescue of CD8 T cells that ultimately leads
to superior viral control. Similar scenarios could also be envisaged for the treatment of other
chronic infections, as well as cancer.

For more information, please see [1,13,50].

pMHC: Peptide-MHC complex; BCR: B-cell receptor; TCR: T-cell receptor.
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Figure 2. Strategiesto improve adoptive T-cell immunother apy

We propose that adoptive T-cell immunotherapy could be improved with: (A) optimization
of culture conditions for ex vivo T-cell expansion in order to generate T cells with the
desired phenotype. Novel types of APCs, as well as cytokine combinations have been able
to generate functional T cells with specific phenotypes. (B) Genetic modifications of T cells,
to generate T cells with high affinity to the desired antigen (by introducing a specific T-cell
receptor or even chimeric antigen receptor) or with special features (e.g., for HIV-infected
patients, T cells that are deficient in HIV coreceptors can be generated). (C) Combination
with other immunotherapies to improve in vivo expansion and function of the transferred T
cells. Chronically infected hosts or cancer patients have several immunosuppressive
mechanisms in place that dampen immune responses. Thus, to overcome inhibitory signals
and avoid exhaustion of the transferred T cells, adoptive immunotherapy should be
combined with other strategies that remove immunosuppressive pathways (e.g., blockade of
the PD-1 pathway). Nevertheless, to be able to improve adoptive immunotherapy at the steps
we propose, future studies will need to define the ideal T-cell specificity and phenotype to
be transferred (which will vary according to the infection/cancer to be treated). In addition,
an analysis of the immunosuppressive mechanisms in place in each patient may guide which
pathways need to be modulated to increase the efficiency of adoptively transferred T cells as
well as improve endogenous responses.

For more information, please see [13,71,77,88,89].
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