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The recent tremendous successes in clinical trials take cancer immunotherapy into a new era and have at-
tracted major attention from both academia and industry. Among the variety of immunotherapy strategies
developed to boost patients’ own immune systems to fight against malignant cells, the pathogen-based
and adoptive cell transfer therapies have shown the most promise for treating multiple types of can-
cer. Pathogen-based therapies could either break the immune tolerance to enhance the effectiveness of
cancer vaccines or directly infect and kill cancer cells. Adoptive cell transfer can induce a strong durable
antitumor response, with recent advances including engineering dual specificity into T cells to recognize
multiple antigens and improving the metabolic fitness of transferred cells. In this review, we focus on
the recent prospects in these two areas and summarize some ongoing studies that represent potential
advancements for anticancer immunotherapy, including testing combinations of these two strategies.
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Despite the fact that cancer has been recognized as one of the most serious health problems worldwide and is
responsible for an estimated eight million deaths every year, it remains challenging to treat cancer using traditional
approaches [1]. Moreover, the effectiveness of traditional treatments, such as surgery, radiation, chemotherapy or
targeted agents can be limited by complications or the development of adverse effects that reduce the quality of
life for patients. In addition, many patients develop resistance to treatment or relapse after treatment, resulting in
unsatisfactory survival rates. Owing to the recent unprecedented developments in oncoimmunology, immunother-
apy holds the promise to transform this situation by stimulating patients’ own anticancer immunity to spur disease
eradication.

The immune system is well appreciated as a defense mechanism against pathogens by recognizing foreign antigens
and eliminating the infection. It has long been questioned whether such a mechanism exists for malignant cells.
In the 1960s, Thomas and Burnet first hypothesized that lymphocytes are capable of recognizing tumor-associated
antigens (TAAs) to continually monitor and eliminate the aberrant cells during initial transformation, a process that
has come to be known as ‘immunosurveillance’ [2,3]. Further studies have provided strong evidence to support this
theory, which fosters the possibility to utilize the immune system for tumor destruction [4,5]. However, these cancer
cells develop multiple mechanisms to escape from immune surveillance, including loss of antigenicity, defects in
antigen presentation and the upregulation of co-inhibitory molecules that disrupt T-cell signaling (e.g., expression
of PD-1), a negative regulator of the immune system [6,7]. These observations represent significant challenges to
the field of immunotherapy.

The history of immunotherapy can be traced back to the 1890s when William Coley, a New York physician,
observed that some sarcoma patients had spontaneous tumor regression after bacterial infection. Based on this
finding, he intentionally infected cancer patients with Streptococcus, hoping to induce a similar response [8].
He achieved a cure rate of over 10% in multiple type of cancers, including sarcoma, lymphoma and testicular
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Table 1. Recent promising examples of pathogen-mediated tumor therapy.

Pathogen species/strain Characteristics Target cancer Indication

Clostridium novyi-NT Gram-positive, anaerobic, sporulating Advanced leiomyosarcoma Tumor regression after several
intratumoral applications of spores

Salmonella typhimurium ssp (VP20009
and Ty21a)

Gram-negative, facultative anaerobe,
motile, intracellular

Melanoma, pancreatic cancer Induction of immune response, tumor
colonization, insignificant tumor
regression

BCG Gram-positive, obligate aerobe,
nonmotile, intracellular

Bladder cancer Approved for bladder cancer
management as intravesical BCG therapy,
proven to be more effective than
intravesical chemotherapy

T-VEC Modified HSV, type 1 Melanoma T-VEC has recently been approved for the
treatment of advanced of melanoma in
the USA, Europe and Australia

Listeria monocytogenes (ANZ-100 and
CRS-207)

Gram-positive, facultative anaerobic,
intracellular

Solid tumors (liver, lung, pancreas, ovary
and pancreatic)

Induction of immune response,
insignificant tumor regression

T-VEC: Talimogene laherparepvec.

carcinoma [8]. Following this, several immunological approaches were developed to fight against cancer, such as
therapeutic cancer vaccines and bacteria-based therapy [9]. However, these approaches had minimal efficacy in a
clinical setting, in part due to the limited understanding of the interaction between cancer cells and the immune
system [10]. It was not until recently that immune checkpoint proteins, such as PD-1 and CTLA-4, were found to be
utilized by cancer cells to suppress antitumor immune responses [11]. Since then, treatment with antibodies blocking
these immunosuppressive mechanisms has produced significant response rates and improvements in survival in
many types of cancer [12]. These remarkable successes have revolutionized the field and reignited enthusiasm for
immunotherapeutic approaches to combat cancer.

Alongside the checkpoint inhibitors, other emerging trends in immunotherapy include pathogen-based cancer
therapies and adoptive cell transfer therapy (ACT) [11]. Pathogens were historically used to activate the host immune
response against cancer cells, but have recently also been used to boost the efficacy of therapeutic cancer vaccination
and mediate direct cancer cell lysis. Furthermore, recent advances in ACT include creating T cells with dual
specificity or improved metabolic fitness for a more specific and durable treatment. Here we highlight the current
landscape and recent advances of these strategies in cancer immunotherapy as well as ongoing challenges.

Pathogen-based cancer therapies
The antitumor effect of bacterial infection has been well observed and practiced throughout history. The first
evidence that revealed the link between infection and reduction of cancerous tissue was documented by an Egyptian
physician Imhotep 2600 BC [13]. This phenomenon was also independently reported by Busch and Fehleisen in
1867, when they started to intentionally treat cancer patients with streptococcal infection [14]. However, it was not
until 40 years later that William Coley first systematically practiced this approach with the hope of stimulating the
immune attack on tumors [8]. Since then, much work has been done to demonstrate that bacteria are well suited to
serve as anticancer therapy, either as direct oncolytic reagents or potent adjuvants for boosting antitumor immunity
(Table 1).

Oncolytic pathogen-based therapy
Intrigued by Coley’s work, the antitumor potential of several genera of bacteria, such as Clostridia sp., Salmonella
sp. and Listeria sp. was further explored by many investigators [15]. An advantage of bacteria-based therapy is high
tumor specificity. In most of these attempts, bacteria colonization was successfully contained within the tumor
without harming the healthy tissue. Furthermore, the high mobility of bacteria allows them to easily move away
from the vasculature and penetrate the tumor tissue more deeply than other conventional treatments, including
chemotherapy and radiation.

The ideal therapeutic strains of bacteria should preferentially accumulate in the cancerous tissue and induce
cell lysis. Thus, Clostridia, an anaerobic bacterium, were selected to develop bacteria-based cancer therapy due to
the hypoxic nature of most tumors [16]. After administration, Clostridium selectively invades and multiplies in the
hypoxic tumor microenvironment (TME) and reduces tumor burden in a murine model of sarcomas [17]. However,
wild-type Clostridium cannot eradicate tumors and exhibits no effect on smaller metastatic masses in clinical
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trials [16]. Therefore, bacterial engineering and screening were employed to generate a strain with an enhanced
antitumor effect, known as Clostridium oncolyticum M-55. However, even the C. oncolyticum M-55 strain failed to
produce significant tumor regression in patients [18]. In another attempt to optimize the therapeutic strains, a major
virulent factor, α-toxin, was eliminated to produce a strain named Clostridium novyi-NT [19]. This strain induces
a strong local oncolytic and inflammatory effect to reduce the tumor burden in both murine and canine models.
These promising results led to an ongoing human Phase I clinical trial for patients with treatment-refractory tumors
to assess its clinical application (NCT01924689).

Aside from Clostridium, another attempt to increase tumor specificity and restrict bacteria to tumors without
dissemination to healthy organs is creating metabolically deficient variants through auxotrophy. The basis of this
approach is that the recombinant bacterial strain is dependent on the TME for essential nutrients that are not present
in sufficient levels in normal tissue [20]. One of the prominent strains, VNP20009, is a genetically modified strain
of Salmonella typhimurium YS72 with attenuated virulence and deletion of the purI genes [21]. This modification
makes VNP20009 lack the enzyme for purine synthesis, and thus it depends on external sources for survival.
Consequently, this bacterium cannot replicate in normal tissues that lack excess purine, but can still multiply in
purine-rich TME. Similar to Clostridium, the significant antitumor activity demonstrated by Salmonella bacterial
therapy in mouse models was unable to translate to clinical efficacy in humans. However, these studies did confirm
that VNP20009 can safely be injected in humans at large doses with limited toxicity. Additionally, one of the
crucial factors contributing to the therapeutic drawbacks is insufficient bacterial colonization in the tumor caused
by over-attenuation [22]. Despite all these failures, promising preclinical results of bacteria-based approaches still
warrant further investigation for the development and optimization of better-suited therapeutic strains.

Unlike the previous bacterial cancer therapies that faced serious translational challenges, the BCG vaccine, an
attenuated strain of Mycobacterium bovis, had remarkable success in clinical settings and has become the standard of
care for superficial bladder cancer [23]. This therapeutic strain was initially developed as a vaccine against tuberculosis
infection. Its application for cancer treatment was first demonstrated by Morales and Eidinger in 1976 [23]. Later,
several independent studies reported that BCG induced superior tumor regression compared with chemotherapy
by not only promoting direct cell lysis, but also by eliciting a strong local inflammatory response [24]. After injection
into the bladder, BCG can induce antigen presentation of BCG and/or cancer cell peptides, cytokine secretion and
T-cell-mediated cytotoxicity, all of which may contribute to the antitumor immune response. A better understating
of this therapy may provide guidance for improved design of future approaches.

Despite all of these promising attempts, bacteria-based therapy still faces several challenges. First, many thera-
peutic strains are developed by deleting virulence factors that are usually required for inducing an immune response
and, therefore, might be required for therapeutic effects [9]. Thus, these over-attenuated strains are safe to administer
to patients, but fail to produce any meaningful antitumor effect. An ideal strain for effective cancer treatment needs
to carefully balance toxicity and therapeutic potential. One way to achieve both attenuation and optimization of
therapeutic effect is delayed attenuation. This is based on the principle that the virulence of the bacteria can be
fine-tuned after treatment. For example, a virulence factor can be genetically engineered to be expressed under an
arabinose inducible promoter PBAD [25]. As a consequence, this strain can be amplified in an in vitro culture with
supplemented arabinose. After administration, the level of arabinose is diluted out, leading to halted expression of
the virulence factor and the bacteria become attenuated after a few rounds of replication. Recently, such an approach
was used for Salmonella to modify the lipopolysaccharide (LPS) structure under the control of PBAD, prompting
more vigorous tumor regression compared with an over-attenuated strain [25]. Another problem is that most of these
strains were developed using murine models, which do not always mimic human disease. In accordance, the human
clinical trial showed that most of the bacteria were cleared from the circulation within 60 min, which is significantly
shorter than in the murine model and negatively impacted the therapeutic effect [26]. Despite all of these obstacles,
advancements in microbiology and genetic engineering foster the possibility to tailor a safe therapeutic strain with
an optimized therapeutic effect.

In addition to bacteria, another innovative use of pathogens is utilizing naive and genetically engineered viruses
to induce lysis of cancer cells. Compared with healthy cells, cancer cells are more susceptible to viral infection owing
to their prolonged proliferation, inactivation of growth suppressors, and immunosuppressive TME. Thus, oncolytic
virus (OV) therapy can specifically target and destroy tumors with minimal toxicity to healthy tissues. In addition
to direct tumor lysis, increasing evidence demonstrates the potential of OV therapy to prime the adaptive antitumor
responses [27]. Indeed, viral replication provides a source of viral pathogen-associated molecular patterns (PAMPs)
that stimulate the production of cytokines, such as type I IFN, TNF-α, IFN-γ and IL-12, which ultimately aid
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in the maturation of APCs [28]. Together with the release of TAAs from OV-lysed tumor cells, OV therapy could
induce a tumor-specific T-cell-mediated antitumor response [27]. Since the initial clinical attempt of OV in the
1950s [29], multiple strains, such HSV-1, vaccine virus, reovirus and adenovirus, have been tested in a range of
cancer types [27]. Among these strains, an HSV-1-based OV named talimogene laherparepvec exhibited a durable
response rate of 16% in a Phase III clinical trial for late-stage melanoma. Moreover, talimogene laherparepvec
became the first US FDA approved OV therapy for the treatment of advanced metastatic melanoma [30]. This
revolutionary progress has attracted additional investigations centered on enhancing the OV-mediated antitumor
immunity while minimizing pathology.

Pathogen-boosted cancer vaccines
Another important application of bacteria in cancer treatment is serving as vehicles and adjuvants for therapeutic
cancer vaccines, the holy grail of immunotherapy. The ultimate purpose of cancer vaccines is to induce a potent
cytotoxic T lymphocyte (CTL) response against a TAA for tumor destruction, thereby preventing tumor develop-
ment. However, most clinical results from cancer vaccine trials have thus far been disappointing and have yielded
less impressive results than other forms of immunotherapy such as ACT and checkpoint blockade. Despite extensive
studies in this area, there are still two major obstacles that must be overcome for improved efficacy: cancer-induced
tolerance and an immunosuppressive TME [31].

As discovered by Thierry Boon, the immune system is capable of recognizing and responding to TAAs, most of
which are usually endogenous antigens bearing strong homology to self-proteins [32]. Thus, the antigen presentation
process of TAAs often occurs without the co-stimulatory and/or inflammatory signals required for proper T-cell
activation and expansion, thereby facilitating the development of immune tolerance [33]. Another important factor
that needs to be considered when designing effective cancer vaccines is the immunosuppressive TME created by
cancer cells via various intrinsic and extrinsic mechanisms [34]. Intrinsically, cancer cells express abundant ligands
for inhibitory receptors on T cells (e.g., PD-L1) and various soluble factors (e.g., galectin 1 and galectin 3) to
directly inhibit T-cell activation [34]. In addition, multiple anti-inflammatory cytokines, such as TGF-β and IL-10,
are also secreted by tumor cells to inhibit the antitumor immunity within the TME [34]. Extrinsically, tumors
produce chemokines and cytokines to create an environment that favors the recruitment and differentiation of
immunosuppressive cells, such as myeloid-derived suppressor cells (MDSCs) and Treg [35]. There is compelling
evidence that these immunoregulatory cells effectively curtail the vaccine-induced T-cell response and thus serve as
critical targets for improving cancer vaccines.

Among all the approaches tested for enhancing immunogenicity of cancer vaccines, bacteria exhibit the greatest
adjuvant activity. Unlike the TAAs, infectious bacteria are naturally capable of evoking vigorous innate and adaptive
immune response. Molecules conserved among many types of pathogens, known as PAMPs, are recognized by
pattern recognition receptors, including toll-like receptors, NOD-like receptors, C-type lectin receptors and RIG-
I-like receptors, to initiate the nonspecific innate immune response [36]. This engagement will recruit Toll/IL-1
receptor domain-containing adaptor proteins, such as MyD88 and TRIF, which result in activation of NF-κB and
MAP kinases to induce the production of inflammatory cytokines, such as IL-12, IL-1, IL-6, IFN-γ and TNF-α.
All of these act to promote phagocytosis, dendritic cell maturation and upregulation of MHC and co-stimulatory
molecules on dendritic cells for effective priming of CD4 and CD8 T cells [37]. Apart from providing essential
requirements for initiating T-cell immunity, bacteria can also effectively disrupt the immunosuppressive TME [38].
As one of the most prominent bacterial strains utilized as an adjuvant, Listeria monocytogenes (LM) based vaccines
not only reduce the number of tumor-infiltrating MDSCs, but also reduce their suppressive activity [39]. The LM
infection creates a pro-inflammatory environment, which repolarizes the MDSCs from an immunosuppressive
M2 phenotype to an immunostimulatory, classical M1 phenotype [40,41]. In addition, LM suppression of Treg
recruitment has been previously reported in various tumor models. Paterson’s lab demonstrated that the recombinant
LM expressing a TAA could induce tumor regression and Treg reduction, while an isogenic LM-based vaccine that
lacks the bacterial product listeriolysin O actually increased the number of Tregs within the TME and demonstrated
reduced antitumor efficacy [42]. Therefore, it is possible that the PAMP activity of LM is a major contributor to the
reduction of tumor-associated immunosuppression by LM-based vaccines. In addition, LM infection effectively
promotes potent Th1 and Th17 responses, which may also suppress Treg differentiation [43]. All of these strong
adjuvant-like features of bacteria constitute it as a powerful platform to deliver TAA for the induction of potent
antitumor immune response.
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Due to all these advantages, an LM-based cancer vaccine was constructed with Her2, an EGFR family protein
that is overexpressed in breast cancer [44]. Despite the fact that the majority of Her2 cancer vaccines were used for
prophylaxis, this LM-Her2 cancer vaccine prompted a robust CTL response that resulted in tumor regression in
various mouse and rat models of breast cancer [45]. This significant therapeutic effect is derived from the ability
of the LM-Her2 vaccine to induce a greater repertoire of Her2-specific CTLs than conventional vaccination
strategy. These preclinical results led to several additional vaccines being developed, such as ADXS-cHER2, which
is currently undergoing Phase I clinic trials [46]. However, single TAA-targeted vaccines still face the challenge of
tumor immune escape due to mutation of a single targeted TAA epitope. In a recent attempt to solve this problem,
multiple TAAs, such as oncogenic HBV, alpha-fetoprotein and MAGE-A, were introduced into LM to create a
therapeutic vaccine against hepatocellular carcinoma [47]. This LM-based cancer vaccine expressed multiple peptide
fusing genes (MPFG) and significantly enhanced the infiltration and CTL activity of MPFG-specific CD8 T cells [47].
Consistent with previous findings, this LM-MPFG vaccine also decreased the number of intratumoral Tregs and
their production of TGF-β and IL-10 [47]. Collectively, these features led to further development of LM-based
immunotherapy to deliver several other TAAs including prostate-specific antigen, tyrosinase and HPV-16 E7 in
mouse models of prostate, melanoma and cervical cancer, respectively [48–50].

All of these promising developments stem from Coley’s success, which largely depends on the ability of bacteria
to provoke a vigorous innate immune response, thereby making bacteria an attractive anticancer agent. However,
the ultimate goal of cancer therapy is to eradicate of the primary tumor and provide long-term protection against
recurrence, which usually requires a potent adoptive T-cell response targeting tumor cells. Therefore, rational
combinations of multiple modalities targeting distinct aspects of immune pathways will likely be essential to
achieve durable antitumor effects and more effective therapeutic outcomes. Many recent promising immunother-
apeutic modalities, such as ACT and immune checkpoint blockade antibodies (e.g., PD-1), target tumor-specific
adaptive T-cell responses. Therefore, it is feasible and attractive to combine pathogen-based agents with these
approaches to synergistically enhance antitumor immunity and/or engage complementary antitumor responses,
thereby facilitating additional improvements in clinical outcomes.

Adoptive T-cell therapy
The ACT therapies are based on the principle that tumor reactive T cells can be transferred to patients and induce
a robust antitumor response [51,52]. To support this idea, Rosenberg et al. first illustrated the feasibility of ex vivo
expansion of tumor-infiltrating T lymphocytes (TILs) and utilization of these cells to treat patients with advanced
melanoma [53]. More recently, another form of ACT has attracted increasing interest, where the antigen specificity
of T cells is genetically modified to target tumor cells. In such approaches, T cells can be manipulated to express
modified T-cell receptors (TCRs) or protein-fusion-derived chimeric antigen receptors (CARs) that have enhanced
tumor antigen specificity [52]. These therapies have demonstrated remarkable clinical efficacy for reducing tumor
burden and improving survival of patients with B-cell malignancies [54,55]. The success of ACT depends on several
factors, such as the magnitude of the T-cell response, the phenotypic and functional attributes of responding T cells
and TCR affinity [56]. Despite these unprecedented successes, many obstacles, such as poor tumor specificity and
T-cell infiltration, still prevent its application on solid tumors. Much attention has been focused on overcoming
these challenges and extending the use of ACT to the treatment of a broader range of cancers.

The major challenges of ACT against solid tumors
Unlike the successes in hematopoietic malignancies, the clinical trials that applied ACT to solid tumors have faced
multiple challenges. Many trials either showed no beneficial antitumor effect or induced life-threatening side effects
including neurotoxicity [57], cardiac toxicity [58], liver toxicity [59] and severe inflammation on other organs [60].
Several features of solid tumors, such as the immunosuppressive TME, harsh physical barriers and inhibition of
T-cell chemotaxis, limit the ability of T cells to infiltrate the tumors and eliminate malignant cells. Therefore,
multiple factors need to be considered to design a successful ACT against solid tumors.

First, T cells need to be able to traffic and penetrate into the tumor tissue to access the malignant cells
for destruction. After the ACT, the transferred T cells need sufficient chemotaxis to be recruited to the tumor
site. Unfortunately, the critical step of this process, adhesion to endothelium, is impeded by downregulation of
endothelial cell adhesion molecules, such as ICAM-1, during tumor angiogenesis. The blood vessels of solid tumors
express elevated level of endothelin B receptor, which suppresses the expression and surface clustering of ICAM-
1 [61]. The endothelin B receptor antagonist BQ-788 can significantly induce ICAM-1-dependent adhesion of T
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cells to endothelial cells, leading to a strong antitumor immune response [61]. Following migration to the tumor site,
T cells encounter the stroma-rich environment and aberrant vasculature within the tumor. The stroma contains
fibroblasts and vascular endothelial cells with excessive extracellular matrix, which can sufficiently trap T cells to
prevent them from reaching the tumor tissue. The disruption of stromal structure has been shown to markedly
promote the intratumoral penetration of T cells [62].

Second, upon arrival of T cells inside the tumor, they must expand and persist sufficiently under the immunosup-
pressive TME to mediate tumor killing. As mentioned earlier, many inhibitory pathways, such as anti-inflammatory
cytokines (TGF-β), immunoregulatory cells and ligands for T-cell inhibitory receptors (PD-L1), are dramatically
enriched in the TME [34]. To overcome these barriers, one straightforward method is to engineer the T cells to
ignore these inhibitory signals. For example, CRISPR genome editing is being used to delete the inhibitory receptor
PD-1 from T cells to prevent them from PD-L1-mediated suppression [63,64]. Similarly, enforcing the expression
of dominant-negative TGF-β receptor could also make T cells resistant to the TME and improve their antitumor
effect [65]. Another innovative approach transforms the inhibitory signaling to induce stimulatory pathway in T
cells. Several recent studies attempted to fuse the extracellular domain of PD-1 with an intracellular co-stimulatory
domain, and then overexpress this chimeric receptor in T cells [66]. Consequently, these T cells can interpret the
immunosuppressive signals from PD-L1 to trigger co-stimulatory signaling pathways for enhanced T-cell activ-
ity [66]. Other effects to equip T cells themselves with the ability to counteract the TME include engineering T cells
to produce potent cytokines. For example, armored CAR T cells were developed to constitutively express IL-12,
a cytokine with beneficial impacts on both the innate and adaptive immune response [67,68]. Once the CAR T
cells are activated, they will produce increasing amount of IL-12 that could shift differentiation of CD4 T cells
toward the Th1 phenotype, reprogram the MDSCs and enhance the activity of NK cells and CD8 T cells [69]. All
the above actions will alter the TME for a better antitumor response. Instead of improving the design of ACT,
another approach is simply combining ACT with other agents that can remodel TME, like PD-1 blockade or OVs
expressing the chemokine RANTES and the cytokine IL-15 [70,71]. These combination therapies transform the
suppressive TME to a more favorable microenvironment for T cells and can enhance the efficacy of ACT.

The third challenge that CD8 T cells inside the TME have to face is the nutrient restriction that significantly
impairs the functional fate of T cells. For example, glucose, the main source of energy for activated T cells,
is quickly consumed by fast-growing tumor cells and unavailable to T cells [52]. To support this competition
model, several recent studies revealed that TILs isolated from mutant tumors with a highly glycolytic phenotype
exhibited reduced IFN-γ production and mTOR activity compared with TILs from wild-type control tumors [72,73].
Furthermore, glucose deprivation induces phosphoenolpyruvate deficiency, leading to impaired antitumor T-cell
function that is corrected by overexpression of phosphoenolpyruvate [74]. Collectively, these studies revitalized the
field of immunemetabolism and brought attention to the therapeutic potential of metabolic reprogramming of T
cells for ACT. As the model of competition for glucose between tumors and T cells has become well appreciated,
one evident strategy to improve ACT would be optimizing the in vitro culture conditions of T cells to prepare them
for the nutrient-limited TME.

The rationale behind this approach is to inhibit glycolysis during in vitro culture to preferentially promote
memory T differentiation with improved longevity after adoptive transfer. To test this idea, 2-deoxyglucose, which
inhibits hexokinase and thus glycolysis, was used to treat cultured T cells [75]. Compared with untreated cells, these
cells exhibited prolonged longevity without a compromise in effector function and proliferative capacity, thereby
resulting in superior antitumor function [75].

A fourth area to consider when designing an ACT protocol is manipulation of key transcriptional factors for
metabolism to enhance the activity of transferred cells inside the tumor. This notion is supported by the recent
observations that T cells develop a defective mitochondrial phenotype via repressed PGC1α in the TME, which
correlates with dampened effector function [72]. Further studies showed that enforcing PGC1α expression in T
cells leads to improved effector function of tumor-specific T cells and tumor regression. Additionally, other similar
targets include Opa1 and BATF, which are known to be involved in T-cell differentiation and target multiple genes
involved in metabolic regulation [76–78]. Collectively, all these studies highlight that T-cell metabolic fitness is an
important component of effective ACT.

Finally, one of the most important factors for successful ACT is to minimize the toxicity. In almost all ACT
trials, various levels of cross-reaction of T cells and immune attack on bystander normal cells were observed. As
reported in CD19 CAR trials, CAR T cells also eliminated nonmalignant CD19-expressing B cells and resulted
in B-cell aplasia in many patients, which can be managed by replacement antibody therapy. However, these side
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effects become more severe and unacceptable when applying ACT to solid tumor. Specifically, one of the common
types of cross-reaction is the ON-target OFF-tissue effect caused by the fact that the targeted TAAs cannot offer
a clear discrimination between tumor and healthy tissue. Many TAAs are highly expressed on tumor cells, but are
also found widely expressed at low but recognizable levels in other normal tissue. Thus the possibility exists where
tumor-targeted T cells may also attack normal tissue, which can lead to life-threatening toxicity. For example, one
patient in the CAR T trial targeting Her2 developed acute lung inflammation and died from severe side effects
caused by T cells attacking the ERBB2-expressing epithelial cells in the lung and other organs [79]. Consistent with
this, most patients from another ACT trial targeting MART-1 suffered intolerable adverse effects on the skin, eyes
and ears [80]. Currently, no TAAs are exclusively expressed in solid tumors without any detectable level in other
normal tissues. Therefore, an emerging approach that equips T cells with the ability to recognize two antigens
holds great promise in improving the specificity of ACT and will be discussed in further detail later. Overall, it
is important to design an ACT that overcomes multiple challenges simultaneously in order to achieve a vigorous
antitumor effect with acceptable side effects.

Dual-specific ACT
A major challenge of ACT is the lack of well-defined TAAs, which are expressed at high levels in tumor cells
and low levels in healthy cells. As a consequence, the T cells engineered to recognize TAAs might also attack
healthy cells leading to off-target toxicity [81]. This is the most common side effect of ACT therapies and can be
predicted if the expression of target TAAs in various tissues has been profiled. Additionally, these T cells are usually
engineered to recognize a single TAA, leading to potential loss of efficacy due to the tumor antigen heterogeneity
and immune escape [52]. One of the most promising solutions for these hurdles is the use of dual-specific T cells
that are engineered to express two receptors for targeting combinations of antigens. Depending on the purpose,
dual-specific ACT can be divided into three types: for covering a wider range of antigens to avoid escape, T cells
can be engineered to target two independent TAAs and may respond to either antigen; for increasing the tumor
specificity, T cells can be engineered to recognize two TAAs, with both antigens being required to drive T-cell
activation; for enhancing overall immune activation, T cells can be engineered to target one TAA and one bacterial
antigen (Figure 1).

Inspired by the discovery of naturally generated T cells expressing two different TCRs, dual-specific T cells were
initially developed to overcome the immune escape [82,83]. This is based on the notion that it would be advantageous
to equip T cells with multiple specificities to anticipate immune escape by loss of a single antigen. It has been
shown that these dual-specific T cells can produce cytokines (such as TNF-α, IL-2 and IFN-γ) and perform CTL
activity in response to both antigens separately in vitro [82]. Adoptive transfer of these T cells to tumor-bearing
mice led to various results (from a mild effect to tumor regression) depending on the type of tumor [82–87]. In the
case of recent CAR T-cell studies, T cells targeting CD19 induced a complete response in approximately 90% of
patients. However, in 11% of these patients, leukemic cells lost CD19 expression, which ultimately led to resistance
to the therapy and relapse. To overcome this immune escape, two B-cell-specific antigens, CD19 and CD20, were
selected as targets to generate CD19-OR-CD20 CAR T cells. The T cells equipped with this CAR exhibited potent
cytotoxicity against either CD19- or CD20-expressing B cells. Upon transfer into the mice, these dual-specific
CAR T cells can effectively control both wild-type B-cell lymphoma and CD19- mutants. This strategy could
significantly improve the therapeutic efficacy of CAR therapy and prevent relapse by counteracting the immune
escape. However, further clinical testing is necessary to determine the therapeutic efficacy of this tailored approach.

As some recent CAR clinical trials exhibited potentially lethal side effects on the cardiovascular and neurological
system [88,89], more attention has recently been brought to designing a safer ACT approach. One potential strategy
to attain this is by restricting T-cell responses to the tumor itself without harming healthy cells. To achieve this,
Roybal et al. developed a novel dual-specific T-cell system in which T cells can only be activated by antigen
engagement of both CARs [90]. As designed, the expression of a second CAR is regulated by the first CAR via
hijacking the signal transduction mechanism of the Notch receptor. In this approach, T cells were engineered with
a synthetic Notch receptor, whose extracellular domain is replaced with a recognition domain of anti-CD19 CAR,
while a mesothelin CAR gene was also inserted into T cells under the control of Notch signaling. Once the CD19
antigen is engaged, the intracellular domain will be cleaved and translocate into the nucleus. Such action will
induce the expression of the second mesothelin CAR with a 4–1BBζ costimulatory domain to equip T cells with
the ability to recognize a secondary TAA. Further results from this study demonstrated that these T cells were only
activated by tumor cells that simultaneously expressed both CD19 and mesothelin, but not those expressing only
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Figure 1. The design of dual-specific T-cell therapy.
(A) T cells are engineered to express two TCRs, with each specific to a distinct target (tumor antigen A and B). The
tumor cells expressing either antigen A or B will be eliminated by T cells to avoid immune escape. (B) T cells are
modified to express two TCRs with different antigen specificities and can only be activated by the presence of both
antigens. This approach ensures that T-cell activation only occurs on tumor cells with minimal effect on healthy cells.
(C) T cells are generated to respond to a TAA and a bacteria antigen. An intramural bacterial infection will help
expand and activate these T cells in TME.
TAA: Tumor-associated antigen; TCR: T-cell receptor; TME: Tumor microenvironment.

one of these antigens [90]. This approach of engineering T cells only become activated in the presence of two TAAs,
which rarely occurs in healthy tissue, holds great promise to enhance the tumor specificity and minimize the risk
of toxicity.

Regardless of all these advancements, ACT still fails to produce adequate clinical responses for solid tumors,
which requires a robust T-cell-mediated antitumor response. To overcome several limitations simultaneously, we
explored the synergistic effect of combining ACT with pathogen-boosted immunotherapy to heighten specificity
and efficacy [91]. To achieve this goal, we produced dual-specific T cells that are capable of responding to both
tumor and bacterial antigens, and ACT of these cells was performed while administering intratumoral bacteria
vaccination. Our therapy, named re-energized ACT facilitates T-cell penetration and expansion inside the tumor,
while reversing the immunosuppressive TME (Figure 2). As expected, reenergized ACT provoked a strong antitumor
immune reaction that led to tumor eradication in around 60% of treated mice and also mediated long-term
protection [91]. Independently, another group also utilized combinatorial therapy between ACT and viral vaccination
for eradication of large orthotopic solid tumors including breast cancer, sarcoma and colon carcinoma [92]. Though
this dual specificity TCR strategy needs more thorough examination before clinical testing, these results collectively
demonstrate that, in principle, it is possible to use a naturally robust response against foreign infectious agents to
help fight against poorly immunogenic tumors.
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Figure 2. The potential application of reenergized adoptive cell transfer.
Tumor-reactive CD8 T cells will be engineered with a second TCR that recognizes an antigen from a cancer vaccine.
Following expansion, these dual-specific CD8 T cells will be infused back into patients and a pathogen-based cancer
vaccine will be administered to mediate a vigorous antitumor response.
TCR: T-cell receptor.

Conclusion
Recently, bacteria-based therapies, both direct oncolytic reagents and cancer vaccines, have demonstrated significant
preclinical and clinical benefits; yet, also highlight potential limitations in treating solid tumors. Meanwhile, despite
the impressive clinical results in treating hematopoietic malignancies, ACT also faces several challenges in treating
solid tumors. Therefore, combining ACT together with bacteria-based therapies may represent a more promising
strategy for promoting long-lasting tumor-specific T responses and tumor elimination. The feasibility and dramatic
therapeutic effect of this approach has been revealed in a few preclinical studies. Further investigation will open
new avenues to treat solid tumors.

Future perspective
As single-agent treatments, both pathogen-based cancer therapies and ACT have shown antitumor efficacy in many
cancer types, but still face multiple challenges. Many attempts to address these problems include improving the
oncolytic and adjuvant effect of pathogens and increasing tumor specificity using dual TCR design. Furthermore,
the potential synergistic effects between these two approaches have been revealed by several recent studies, which
further rationalize the utility of developing a pathogen-boosted ACT therapy. All of these exciting advancements
may lead to novel single or combinatorial therapies that can significantly improve the future treatment of cancer
and ultimately achieve complete remission.
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Executive summary

Oncolytic pathogen-based therapy
� As oncolytic reagents, both bacteria and virus-based therapies show encouraging preclinical results in treating

solid tumors, but further clinical optimization is warranted.
Pathogen-boosted cancer vaccines
� Bacteria also have been employed as powerful adjuvants in cancer vaccines to overcome cancer-induced

tolerance and immunosuppression.
� Multiple recombinant bacteria expressing tumor-associated antigens (TAAs) have been developed for numerous

malignancies, which have thus far delivered impressive therapeutic efficacy in preclinical and clinical settings.
The major challenges of adoptive cell transfer against solid tumors
� The therapeutic efficacy of adoptive cell transfer for treating solid tumor depends on several factors including:

T-cell trafficking, T-cell expansion, nutrient restriction inside tumor, manipulation of key transcriptional factors
for resistance against immunosuppression and minimization of toxicity.

Dual-specific adoptive cell transfer
� The dual-specific T cells are engineered to express two T-cell receptors for targeting combinations of antigens to

enhance the specificity, efficacy or safety of adoptive cell transfer.
� Dual-specific T cells can be designed to target two different TAAs, which may either help avoid antigen escape or

increase the tumor specificity.
� Dual-specific T cells designed to target one TAAs and one bacterial antigen can be combined with local bacterial

injection for boosting the antitumor immune response.
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