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Abstract: Chimeric antigen receptor (CAR) T-cell therapy engineers T-cells to express 
a synthetic receptor which redirects effector function to the tumor, to improve efficacy and 
reduce toxicities associated with conventional treatments, such as radiotherapy and che
motherapy. This approach has proved effective in treating hematological malignancies; 
however, the same effects have not been observed in solid tumors. The immunosuppressive 
tumor microenvironment (TME) creates a significant barrier to solid tumor efficacy and 
reduces the anti-cancer activity of endogenous tumor-resident immune cells, enabling cancer 
progression. In recent years, researchers have attempted to enhance CAR T-cell function in 
the TME by engineering the cells to express various proteins alongside the CAR. Examples 
of this engineering include inducing CAR T-cells to secrete cytokines or express cytokine 
receptors to modulate the cytokine milieu of the TME. Alternatively, the CAR T-cell may 
secrete antibody-like proteins to target a range of tumor antigens. Collectively, these methods 
are termed armored CAR T-cell therapy, and in this review, we will discuss the range of 
armored CAR T-cell approaches which have been investigated to date. 
Keywords: armored CAR T-cells, immunotherapy, tumor microenvironment, solid tumors, 
immunosuppression, cell therapy

Introduction
Immunotherapy
Conventional cancer therapies like radiotherapy and chemotherapy are known to be 
effective at killing cancer cells, however they cannot effectively distinguish 
between malignant tissue and fast proliferating healthy cells, resulting in a variety 
of severe adverse effects.1,2 Due to the lack of specificity of available treatments, 
the idea for cancer immunotherapy emerged. One immunotherapy approach is 
cellular therapy which takes advantage of useful immune functions including 
antigen specificity, ability to expand on activation, trafficking to the area of interest 
and forming memory toward the target antigen.

Adoptive T-cell therapy (ACT) isolates T-cells from patients, expands them ex 
vivo and then reinfuses them into the patient. This was first conducted with T-cells 
isolated from patients’ tumors, called tumor-infiltrating lymphocytes (TILs) which, 
when non-specifically expanded, have demonstrated some clinical efficacy in 
melanoma.3,4 However, this approach has important limitations: 1) the tumors 
need to be resectable and with enough T-cells present for harvesting, 2) the antigens 
that the re-infused T-cells target are unknown, and 3) ex-vivo expansion of TILs is 
a highly laborious and expensive process. To further increase efficacy and 
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specificity, scientists instead inserted exogenous T-cell 
receptors (TCRs), which had specificity for known tumor 
antigens, into T-cells. This approach has shown clinical 
benefit in a small proportion of patients,5,6 but caused 
problems with major-histocompatibility complex (MHC) 
incompatibility due to the allogeneic TCR, resulting in 
adverse effects.7 Subsequently this led to the development 
of synthetic receptors, called chimeric antigen receptors 
(CARs), which are MHC-unrestricted to prevent asso
ciated toxicities.

CARs are designed to recognize specific cancer- 
associated antigens and comprise of an antibody-derived 
single-chain variable region (scFv) for antigen recognition 
and binding, a membrane-spanning domain and an intra
cellular signaling domain. Endogenous TCRs have an 
intracellular CD3ζ domain which initiates downstream 
killing pathways on receptor activation, in a process 
known as signal 1. In normal physiology, TCR engage
ment is not sufficient to activate T-cell signaling and 
activation of costimulatory molecules on the T-cell is 
also required, termed signal 2. This costimulation enables 
cross-linking between the TCR and costimulatory recep
tors, leading to T-cell activation.

Three generations of CAR T-cells have been extensively 
investigated, with the first-generation designed to mimic 
a TCR in function, using the intracellular CD3ζ domain. 
An initial study using a first-generation CAR T-cell found 
that CARs were capable of inducing antigen-specific cyto
toxicity in vitro, but cytokine secretion was weak and 
transient in the absence of costimulatory ligands on target 
cells.8 Despite showing some promise in early investiga
tions, follow-up studies found that first-generation CAR 
T-cells produced minimal or no clinical benefit, targeting 
different antigens in a variety of cancers, and also had 
limited persistence following patient infusion.9–11

Subsequently, the second-generation of CAR T-cell was 
developed, incorporating a costimulatory domain into the 
intracellular region of the CAR to combine signals 1 and 2, 
with the aim to enhance T-cell activation and persistence. 
These CARs were shown to mediate effective in vitro anti- 
tumor functions along with showing marked efficacy with 
enhanced expansion, persistence, and cytokine secretion 
in vivo.12,13 Further investigations in Phase I and II clinical 
trials have shown that second-generation CAR T-cells pro
vide significant clinical benefit, with high proportions of 
patients experiencing complete responses.14–16

Different costimulatory domains were demonstrated to 
have different effects on T-cell function. For example, 

despite having similar clinical efficacy, a CAR with a 4– 
1BB costimulatory domain produced longer persisting 
T-cells than using CD28 costimulation.17 In contrast, 
another study found that the CD28 costimulatory domain 
significantly increased basal CAR T-cell proliferation com
pared to using 4–1BB.18 Thus, third-generation CARs 
were developed to combine the signaling capacity and 
T-cell functionality of two costimulatory domains within 
one CAR.

Investigations into third-generation CARs have pro
vided evidence that having two costimulatory domains 
can enhance CAR T-cell anti-tumor function and increase 
T-cell persistence in vivo.19,20 In addition, third-generation 
CAR T-cells have been shown to enhance efficacy, prolif
eration, and cytokine production in the clinic.21 However, 
there is contradictory evidence as to whether second- or 
third-generation CAR T-cells produce more significant 
responses in patients.21,22

Tumor Microenvironment
Second and third generations of CAR T-cell therapies have 
shown promising clinical benefit in a range of hematolo
gical malignancies.14,15,21,23 This led to approval of 
two second-generation CD19-targeting CAR T-cells by 
the US Food and Drug Administration and the European 
Medicines Agency, to treat B-cell lymphomas and acute 
lymphoblastic leukemia. To date, this success has not been 
observed in solid tumors, despite attempts to target many 
different antigens across a range of tumor types.24–26 For 
hematological malignancies, CAR T-cell infusion delivers 
the therapy directly where it is required, allowing CAR 
T-cells to target single malignant cells. In solid tumors, the 
T-cells have to overcome multiple barriers simply to loca
lize to the tumor site. Penetration of the solid tumor mass 
by the T-cells proves an additional difficult obstacle, but 
even if this is overcome the T-cells are then met by 
a highly immunosuppressive tumor microenvironment 
(TME) which impedes the anti-tumor effect that CAR 
T-cells can elicit.27

Within the mass of a solid tumor, there is a variety of 
cell types alongside the malignant cells which interact 
with each other using signals such as cytokines, chemo
kines, and growth factors (Figure 1). Collectively, they 
form a TME which is immunosuppressive and supports 
tumor survival, growth, and metastasis. Cells present in 
the solid tumor include immune cells, fibroblasts, and 
endothelial cells, each with different functions. Some 
immune cells within the TME are potent cytotoxic cells 
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and high proportions of them have been associated with 
good prognosis in patients. These include CD8+ cyto
toxic T-cells,28 CD4+ T helper 1 (Th1) cells,28 

B-cells,29 and natural killer (NK) cells,30 which secrete 
cytokines to promote immune cell survival and function 
while aiding the anti-cancer immune response. Examples 
of these cytokines are interleukin-2 (IL-2) and interferon- 
γ (IFN-γ).

A number of immune cells within the TME, however, 
secrete cytokines such as IL-10, transforming growth fac
tor-β (TGF-β), and IL-4 which are suppressive and reduce 
the anti-cancer immune response of the cytotoxic cells 
present. These immunosuppressive effects are caused by 
regulatory T-cells (Tregs), CD4+ T helper 2 (Th2) cells, 
and tumor-associated macrophages (TAMs), all of which 
are associated with a poor prognosis when found at high 
levels in patient tumors.28,31,32 Additionally, cancer- 
associated fibroblasts (CAFs) secrete TGF-β along with 
mitogenic growth factors that activate cell growth and 
division in cancer cells,33 further promoting tumor 
progression.

The balance between the suppressor and activator 
immune cell activity within the TME is affected by 
many factors. Cancer cells proliferate rapidly resulting in 
hypoxia, as the surrounding vasculature is unable to sup
port the tumor. Low oxygen levels impede immune func
tion in a variety of ways, for example, evidence suggests 
that hypoxia increases Th2 cell activity while reducing the 
Th1 response in the tumor,34 and aids macrophage polar
ization to the immunosuppressive phenotype.35 Cancer 
cells can also upregulate expression of immune checkpoint 
ligands,36 which usually bind to receptors on T-cells to 
prevent immune overactivation. These checkpoints include 
programmed cell death protein 1 (PD-1) and its ligand PD- 
L1, along with cytotoxic T lymphocyte-associated protein 
4 (CTLA-4) and its B7 ligands. Increased expression 
in cancer cells can “switch off” the anti-cancer immune 
response and enable cancer growth.

Cells within the TME produce factors including ade
nosine and prostaglandin E2 (PGE2) which also prevent 
immune activation. Adenosine acts on effector T-cell A2 
receptors to increase protein kinase A (PKA) which 

Figure 1 The cells found in solid tumors and their role in the regulation of the TME.
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downregulates TCR signaling, reduces IL-2 secretion, and 
inhibits proliferation and cytokine production.37 

Simultaneously, increased PKA enhances Treg activity 
and increases immune checkpoint expression.37 PGE2 

also reduces immune function by downregulating Th1 
cell function and enhancing Th2 cells and Tregs.38 

Overall, this produces a hostile environment within the 
tumor, which prevents anti-cancer immune function.

Armored CAR T-Cells
To overcome the drawback of the TME on CAR T-cell 
therapy in solid tumors, a fourth generation of CAR T-cell 
has been developed. This generation, also known as 
armored CAR T-cells, are engineered to express proteins 
alongside a second- or third-generation CAR, shown in 
Figure 2, to reduce immunosuppression and further med
iate anti-tumor efficacy. In this review, we will explore the 
types of armored CAR T-cells and how production of 
different proteins alters immune activity.

Truck CAR T-Cells
The term armored CAR incorporates TRUCK (T-cells 
Redirected towards Universal Cytokine Killing) CAR 

T-cells, a specific type of armored CAR T-cells which 
secrete cytokines to interfere with the immunosuppressive 
cytokine profile within the solid tumor. By engineering 
CAR T-cells to modulate the cytokine milieu, it could be 
possible to turn the TME immune-activating and increase 
anti-cancer function of both the CAR T-cells and resident 
immune cells.

IL-12
IL-12 is a cytokine released from monocytes, macro
phages, and dendritic cells (DCs) in response to infection. 
Secretion of this cytokine drives naïve T-cells to differ
entiate into Th1 cells involved in immune-stimulation, 
rather than Th2 cells which are immunosuppressive,39 

while also stimulating NK cells. These differentiated Th1 
cells and expanded NK cells secrete IFN-γ,40 which in turn 
induces further IL-12 release from macrophages,41 produ
cing an immune-activating positive feedback loop. Thus, 
employing this signaling into CAR T-cells could enhance 
solid tumor efficacy by reactivating immune cells in 
the TME.

Studies of CD19-targeting CAR T-cells constitutively 
secreting IL-12 have shown that it enhances anti-tumor 
efficacy compared to the CD19 CAR alone, both in vitro 

Figure 2 The evolutionary structure of chimeric antigen receptors (CARs). (A) The targeting moiety (scFv) of CARs derives from the recognition domain of human 
antibodies. (B) CAR designs have evolved beyond the 3 generations, which were based on added costimulatory domains, to include TRUCK, cytokine-modulating and 
antibody-secreting constructs, collectively known as 4th generation or armored CARs.
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and in vivo,42 and induces a bystander affect in host 
immune cells in vivo, providing immune memory to the 
cancer antigen.43 Additionally, this approach has been 
shown to enhance preclinical efficacy compared to 
T-cells expressing only a CAR in an ovarian cancer 
mouse model.44

Previous studies however, observed that, at effective 
doses systemic administration of IL-12 was highly toxic, 
including one study where these toxicities resulted in 2 
patient deaths.45 Due to concerns about potential systemic 
toxicities from CAR T-cells constitutively secreting IL-12, 
T-cells with inducible IL-12 secretion upon CAR engage
ment were developed,46,47 to direct IL-12 secretion and 
function to the tumor site. Interestingly, one study found 
CAR induction of IL-12 not only reduced antigen-positive 
tumor growth in mice compared to CAR T-cells lacking 
the cytokine, but also prevented growth of antigen- 
negative tumor cells, however only in the presence of 
antigen-positive targets.46 On further investigation, this 
was found to be due to increased macrophage accumula
tion at the tumor site in the presence of IL-12, resulting in 
antigen-independent anti-tumor activity.46 This demon
strates the potential of TRUCK CAR T-cells to enhance 
tumor cytotoxicity, induce a bystander anti-tumor immune 
response, and enable cytotoxicity of the variety of cells 
within a solid tumor, irrespective of antigen expression.

IL-18
IL-18 is released primarily from macrophages and DCs as 
an inactive pro-form. The pro-form is constitutively 
expressed in these cells and, on cell activation, the protein 
is cleaved to produce functional IL-18. As with IL-12, IL- 
18 activates Th1 and NK cells to release pro-inflammatory 
cytokines, namely IFN-γ.48 Therefore, IL-18 secretion 
could enhance CAR T-cell function in a similar way to 
IL-12. Additionally, in the clinic, systemic IL-18 adminis
tration was shown to have minimal toxicity, with the main 
adverse effects being mild fever, headaches and nausea,49 

suggesting that IL-18 is relatively safe to use.
By designing anti-CD19 CAR T-cells which constitu

tively secrete IL-18, it was shown that this enhanced CAR 
T-cell expansion and persistence and increased the survival 
of mice bearing CD19+ tumors, while also activating the 
endogenous immune system compared to CAR T-cells 
without cytokine secretion.50 Despite the previous safety 
of systemic IL-18, researchers have developed CAR 
T-cells with inducible IL-18 secretion which have been 
shown to reduce the size of advanced pancreatic tumors 

in mice and prolonged survival compared to treatment 
with the CAR alone.51 This study also found that IL-18 
producing CAR T-cells were more effective at controlling 
late-stage disease than CAR T-cells producing IL-12.51

A study looking at TCR transfer therapy, rather than 
CAR T-cells, accompanied with the inducible secretion of 
either IL-12 or IL-18, found that IL-18 secretion induced 
no toxicities in vivo while IL-12 resulted in marked 
increases in systemic pro-inflammatory cytokines and 
associated severe toxicity.52 Taken together, these data 
suggest that IL-18 secretion by CAR T-cells could be 
more efficacious than IL-12 secretion and also safer for 
patient infusion.

IL-15
There is evidence that numerous cell types are responsible 
for the production of IL-15, including macrophages and 
DCs,53,54 and once released, IL-15 stimulates CD8+ 
T-cells and NK cells which increases their proliferation 
and cytotoxic capacity. Administration of IL-15 to mice 
has been shown to enhance anti-tumor activity of adop
tively transferred CD8+ tumor-reactive T-cells,55 which 
suggests IL-15 could also enhance anti-tumor activity of 
CAR T-cell therapy.

CAR T-cells further engineered to secrete IL-15 have 
been shown to augment tumor cytotoxicity compared to 
using CAR alone T-cells in vitro and in vivo,56,57 and 
increase T-cell expansion on antigen recognition in vitro.56 

Similarly, this can increase antigen-independent T-cell pro
liferation, while enabling T-cell persistence after tumor 
clearance.57 It was also observed that the secretion of IL- 
15 provided greater protection against tumor rechallenge 
in vivo than CAR T-cells not secreting IL-15.56 

Interestingly, one of the studies used a form of IL-15 
tethered to the membrane and found that this promoted 
the CAR T-cells to develop a memory phenotype.57 

These data suggest that IL-15 could provide long-term 
CAR T-cell-mediated immunity toward the cancer antigen 
along with enhancing CAR T-cell function within 
the TME.

A clinical trial investigating systemic IL-15 adminis
tration for the treatment of metastatic cancers found that 
this resulted in toxicities including hypotension, thrombo
cytopenia, and liver toxicity.58 Thus, before IL-15 armored 
CAR T-cells are used in the clinic it is important to con
sider that inducible or tethered IL-15 may be better to 
avoid high systemic levels of the cytokine.
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IL-7
When activated, CAR T-cells secrete IL-2 to maintain their 
survival and function. However, in solid tumors, IL-2 
secretion also aids survival of Tregs, a T-cell subset 
which causes immunosuppression by secretion of TGF-β. 
Therefore, researchers have looked into replacing IL-2 
secretion by CAR T-cells with secretion of another cyto
kine that can promote CAR T-cell survival and function 
without enhancing Treg activity. IL-7 has been shown to 
augment proliferation and function of CAR T-cells without 
affecting Tregs,59 meaning there is potential for this cyto
kine in enhancing CAR T-cell function in solid tumors.

IL-7 secretion induced by CAR T-cell engagement was 
found to amplify CAR T-cells in the presence of TGF-β, 
while CARs not secreting IL-7 were suppressed by the 
cytokine.60 Similar effects were observed when the same 
concept was trialed with IL-15 secretion,60 however IL-15 
stimulates Tregs so this approach would potentially 
enhance TGF-β release as seen with IL-2. These data 
suggest that secretion of IL-7 by CAR T-cells not only 
enhances CAR T-cell function but also partly prevents 
suppression by immunosuppressive cytokines in the TME.

Modulating Cytokine Function
Altering the cytokine environment within a solid tumor 
may be critical for switching the TME from immunosup
pressive to pro-inflammatory and thus enhance CAR T-cell 
function. As well as engineering CAR T-cells to secrete 
cytokines, it is possible to alter cytokine function by 
manipulating how the CAR T-cells respond to cytokines. 
This is another type of armored CAR T-cell which may 
increase solid tumor efficacy.

IL-7
As IL-7 is a T-cell stimulating cytokine, different armored 
CAR T-cell approaches have been taken to increase its 
proinflammatory functions within the tumor. The same 
group who studied IL-7 secretion by CAR T-cells also 
used a hybrid receptor combining IL-7 and IL-2 receptor 
domains, to convert an IL-7 ligand signal into IL-2 intra
cellular signaling pathways.60 This was found to counter
act immunosuppression of CAR T-cell proliferation and 
cytotoxic capacity when IL-7 was supplied.60 This is 
a method of enabling stimulation of CAR T-cells via the 
IL-2 pathway, but without stimulating Tregs that express 
IL-2 receptors, allowing selective T-cell activation and 
preventing immune suppression.

TGF-β
TGF-β is produced as a pro-form in a variety of cell types, 
but in the TME this is mostly by cancer and stroma cells. 
When active, TGF-β prevents T-cell differentiation toward 
the Th1 and Th2 lineages,61 while promoting differentiation 
of Tregs.62 The Tregs then produce more TGF-β, further 
increasing immunosuppression within the tumor, which 
impedes CAR T-cell function. High levels of TGF-β within 
the TME have been shown to correspond to poor prognosis 
in patients,63–65 demonstrating that reducing TGF-β 
mediated immunosuppression in solid tumors may be key 
to enhancing CAR T-cell efficacy and clinical outcome.

One approach to overcome TGF-β immune suppres
sion is by co-expressing the CAR with the dominant- 
negative TGF-β receptor II (dnTGF-βRII).66 This receptor 
acts as a decoy receptor for TGF-β, sequestering the cyto
kine without inducing downstream signaling, thus redu
cing the immunosuppressive functions within the TME. 
The co-expression of the dnTGF-βRII was found to 
increase CAR T-cell proliferation, reduce exhaustion, and 
enhance anti-tumor function and persistence in vivo.66 Led 
from these studies, the researchers are now recruiting for 
a phase I clinical trial, using this novel CAR T-cell 
approach in patients with castrate-resistant prostate cancer 
(clinical trial identifier NCT03089203).

It has also been attempted to overcome the function of 
TGF-β by co-expressing a CAR with constitutively active 
Akt (caAkt).67 In T-cells, caAkt enhances proliferation and 
cytokine secretion along with determining T-cell sensitiv
ity to inhibitory factors such as TGF-β. It was observed 
that this engineering enhanced CAR T-cell activation, pro
liferation, and anti-tumor function while preventing T-cell 
suppression and Treg differentiation.67 These approaches 
show promise for increasing CAR T-cell function within 
solid tumors by regulating the local TGF-β activity, which 
could improve solid tumor responses in the clinic.

IL-4
IL-4 is produced within the TME by cells including Th2 
cells and has been shown to support tumor growth and 
prevent anti-tumor immune functions.68 Importantly, the 
immunosuppressive function of IL-4 has been shown to be 
a key mediator of cancer-promoting TAMs.69 Therefore, 
altering the way CAR T-cells respond to IL-4 could be 
useful for enhancing their function.

To alter IL-4 immunosuppression within the tumor, 
Mohammed et al conducted similar research as discussed 
previously, with IL-7, making a hybrid IL-4/IL-7 
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receptor.70 In this case, the exodomain of the IL-4 receptor 
was fused to the IL-7 intracellular domain so that on 
stimulation of CAR T-cells by the immunosuppressive 
cytokine IL-4, the immune activation pathways of IL-7 
are initiated, enhancing the CAR T-cell anti-tumor 
response. This research found that while expression of 
a CAR T-cell increased anti-tumor activity, these cells 
had poor expansion in vitro.70 Conversely, expression of 
the hybrid IL-4/IL-7 receptor enhanced proliferation of the 
T-cells, but also dampened their cytotoxic capacity.70 

Combining both approaches into an armored CAR T-cell 
however, has shown to enhance both expansion in the 
presence of IL-4 and also increased antigen-specific 
tumor lysis in vitro, while producing greater anti-tumor 
activity in vivo.70 Altering IL-4 function could thus be 
useful in producing the desired anti-tumor CAR T-cell 
function.

CD40L
Cluster of differentiation 40 ligand (CD40L) is 
a transmembrane protein which is upregulated on T-cells 
upon activation. Binding of CD40L to its receptor (CD40) 
on DCs activates T-cells to secrete pro-inflammatory cyto
kines, such as IL-12 and IFN-γ, and induces T-cell 
proliferation.71 Additionally, when binding to CD40 on 
tumor cells, CD40L has been shown to facilitate tumor 
apoptosis.72 Due to the anti-tumor effects of the CD40L- 
CD40 interactions, the Brentjens group engineered a CD19 
targeting CAR T-cell to also express CD40L, which was 
shown to enhance the in vitro CAR T-cell efficacy against 
CD19+ tumors and moderately, although significantly, 
increased survival of tumor bearing mice.73 This again 
demonstrates a novel approach to manipulate cytokine 
activity on CAR T-cells as a way to overcome suppression 
by the TME.

Secretion of Antibody-Like Proteins
The specificity of the antibody recognition domain makes 
it ideal for targeting antigens of interest on cancer cells, 
hence CARs were developed using this domain as the 
extracellular scFv part of the construct. This ability of 
antibodies to bind antigens also provides potential for 
dual targeting of antigens on a cancer cell using one 
therapy. Therefore, a CAR that secretes antibody-like pro
teins, may enhance CAR T-cell redirection to the tumor 
and recognition of cancer-associated antigens. 
Additionally, antibodies have the ability to mediate sepa
rate immune killing mechanisms, including antibody- 

dependent cell-mediated cytotoxicity (ADCC), meaning 
it is possible for this combination of T-cell engineering 
to enhance cancer cytotoxicity in multiple ways.

Checkpoint Inhibitors
Checkpoint inhibitors are antibodies specific to either 
immune checkpoint ligands on tumor cells or receptors 
on T-cells, working to prevent the receptor-ligand interac
tion which “switches off” the immune response to cancer. 
These checkpoint inhibitors have shown significant clin
ical benefits in melanoma74,75 and non-small-cell lung 
cancer,76 along with other cancer types.77 Furthermore, 
administration of both CAR T-cells and checkpoint inhibi
tors has been shown to increase clinical benefit compared 
to treatment with CAR T-cells alone in a small clinical 
study involving six patients.78 The synergistic effect of 
CAR T-cells with checkpoint inhibitor antibodies led to 
the development of armored CAR T-cells, which secrete 
checkpoint inhibitors to reduce immune suppression 
within the solid tumor.

Studies looking into checkpoint blockade secretion by 
CAR T-cells have mainly focused on secretion of anti-PD 
-1 scFvs. This approach takes the antigen recognition 
domain of the antibody, which is a small molecule for 
the CAR T-cell to produce and secrete, but can effectively 
bind to immune checkpoints to block interactions. One 
study found that anti-PD-1 scFv secretion by CAR 
T-cells enhanced proliferation of the CAR T-cells and 
also reduced PD-1 expression on CAR T-cells in vitro, 
which can further reduce inhibition.79 Additionally, anti- 
PD-1 scFv secretion was seen to enhance CAR T-cell anti- 
tumor function in a gastric cancer mouse model.79 Similar 
effects of anti-PD-1 scFv secretion by CAR T-cells were 
reported in another study, which showed this increased 
T-cell cytokine production and proliferation in vitro, 
while in vivo there was enhanced anti-tumor efficacy and 
CAR T-cell accumulation in the TME.80

Suarez et al used a CAR T-cell secreting an anti-PD-1 
scFv-Fc fusion protein which was shown to reduce in vitro 
T-cell exhaustion.81 Depending on the antibody isoform 
used, the therapy was seen to induce ADCC of the targets 
through the Fc domain, demonstrating the potential to 
enhance the anti-tumor response to these CAR T-cells 
through multiple mechanisms.81 It was also observed to 
reduce in vivo tumor growth, recruit NK cells to the tumor, 
and resulted in CAR T-cells with reduced expression of 
exhaustion markers.81 Overall, this approach shows pro
mise as it reduces suppression of CAR T-cells and 
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subsequently enhances their function, while adding an Fc 
domain also enables activation of multiple immune killing 
mechanisms and induces a bystander effect to enhance 
cancer cytotoxicity.

Nanobodies
A nanobody is a small protein consisting of the single 
domain variable heavy chain (VH) derived from 
a camelid antibody. The small size of nanobodies means 
they are stable, but they still maintain high affinities for 
target antigens.82 Previously, nanobody therapies have 
been shown to be efficacious in cancer studies. One such 
investigation found that nanobodies controlled tumor 
growth with greater potency than using whole 
antibodies.83 This demonstrates potential for using nano
body secretion by CAR T-cells which are easier to intro
duce into the T-cell than other antibody structures due to 
the smaller size.

A recent study engineered CAR T-cells to secrete 
nanobodies targeting the antigen CD47 on cancer cells,84 

which acts to “switch-off” phagocytosis. Despite the secre
tion of nanobodies not increasing tumor cytotoxicity 
in vitro compared to non-secreting CAR T-cells, it was 
shown to delay tumor growth and prolong survival in 
vivo.84 They also showed that due to the small size of 
nanobodies, CAR T-cells can be engineered to secrete both 
a nanobody and a VH-fusion protein (nanobody + Fc 
region), allowing targeting of multiple cancer antigens 
alongside the CAR.84 However, the functionality of these 
dual-secreting CAR T-cells was not assessed.84 

Nevertheless this is an important finding as it could enable 
whole tumor targeting by CAR T-cells due to the hetero
geneity of antigen expression throughout solid tumors.

BiTEs
Bispecific T-cell engagers (BiTEs) consist of two scFvs 
with different specificities joined together. One of these 
scFvs binds to CD3 on T-cells while the other can bind 
a target cancer antigen. By engaging both the T-cell and 
the cancer cell, the small BiTE brings the two close 
together, enabling them to form an immune synapse.85 

This allows the TCR to bind antigens on the cancer cell, 
activating downstream killing pathways.

Blinatumomab is a BiTE targeting CD19, which is 
overexpressed in B-cell malignancies, along with CD3. 
In clinical trials, this BiTE has been shown to produce 
significant benefit in patients with non-Hodgkin’s lym
phoma, where one study found very low doses produced 

remissions in all patients enrolled.86 Previously, T-cells 
have been engineered to secrete BiTEs and this was 
observed to enhance anti-tumor function of the engineered 
T-cells while recruiting bystander T-cells to the tumor.87 

Therefore, engineering CAR T-cells to secrete BiTEs has 
the potential to enhance their anti-tumor efficacy by 
increasing contact between the CARs and tumor cells.

Recently, one study looked at the effect of BiTE secre
tion on CAR T-cell function and discovered that these BiTEs 
not only bound CAR T-cells, but also bystander non- 
engineered T-cells,88 demonstrating that BiTE-secreting 
CAR T-cells could activate a more global anti-cancer 
immune response. This dual engineering approach produced 
heterogenous anti-tumor activity in mouse models, and also 
produced a more favorable T-cell differentiation pathway, 
directing the CAR T-cells toward the effector memory rather 
than the central memory phenotype.88 This is interesting for 
the potential of long-term protection against cancer by CAR 
T-cells, along with activation of tumor-resident T-cells to 
increase the anti-cancer immune response.

Conclusion
At present, there is a significant research drive to increase 
the efficacy of CAR T-cell therapy in solid tumors, with 
many researchers focusing on the development of novel 
armored CAR T-cell approaches. This rapidly progressing 
field of immunotherapy is promising, with preclinical and 
clinical data suggesting this could bridge the gap for solid 
tumor treatment. Existing data have demonstrated benefi
cial effects against a range of problems associated with 
targeting the solid tumor including reducing immunosup
pression within the TME, recruiting and activating endo
genous immune cells against the tumor, development of 
anti-cancer immune memory, and targeting multiple anti
gens on the heterogenous tumor. Together, these exciting 
results encourage hope for clinical approval of one or 
more armored CAR T-cell in the future.
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