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SUMMARY 

In 2017, the FDA approved two T cell therapies – Kymriah and Yescarta – for multiple 

relapsed or refractory hematological malignancies. In addition to providing new treatment 

options for patients with few viable alternatives, these approvals served as a watershed 

moment in the development of a new class of cellular therapies based on T cells. As the 

use of these ‘living drugs’ grows, scientists, engineers, and clinicians continue to improve 

their therapeutic and safety profiles by developing new mechanisms to control immune cell 

activity in the body. This thesis presents a remote control platform that enables localized 

control of engineered T cell activity via targeted thermal treatments. The following 

chapters describe the development of this platform as well as its first applications in mouse 

models of cancer and illustrate its potential to improve anti-tumor responses and advance 

the larger field of cellular immunotherapies. The introduction provides an overview of the 

history of the field of T cell therapies, identifies current challenges facing these treatments, 

and summarizes ongoing efforts in this area. In the future, thermal control of engineered T 

cells could provide finer control of their in vivo activity and improve the safety and efficacy 

of future cellular therapies. 

 



 

1 

INTRODUCTION 

For the majority of the 20th century, oncology was largely dependent on physical and 

chemical interventions intended to preferentially excise, irradiate, or poison malignant cells 

in the body1. These methods can eradicate cancer cells although clinicians constantly 

balance their therapeutic benefits with off-target effects on normal tissues. These off-target 

effects are evident in the large surgical margins taken during tumor resection or the rapid 

hair loss observed during chemotherapy; yet milder treatments increase the risk of cancer 

relapse as small numbers of surviving cells can cause treatment failure. Thus, the need to 

preserve healthy tissue while targeting pathogenic cells at a cellular level has emerged as 

a fundamental goal of modern oncology. Because the immune system constantly performs 

these exact tasks when protecting the body from foreign pathogens, many strategies have 

emerged that seek to harness its precision and potency to improve cancer treatment2. Thus, 

cancer immunotherapy is joining conventional therapies as a new staple in the clinical 

toolkit as it offers new ways to treat disease.  

The extent to which the immune system can be directed towards cancer cells is 

critically dependent on the efficient progression of the cancer immunity cycle (Figure 1)3. 

Central to this process is the generation of T cell responses through the presentation of 

neoantigens by antigen presenting cells (APCs), efficient trafficking and infiltration of 

effector cells into the TME, and release of cytotoxic granules to kill malignant cells. 

Although this process does not function optimally in cancer patients, several classes of 

biologic drugs are designed to augment specific steps in this cycle. These include 

checkpoint blockade antibodies to overcome immunosuppression in the TME4, bispecific 
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T cell engagers (BiTEs) to enable recognition of tumor epitopes5 or cytokines to expand 

and stimulate T cells6. Although these have advanced disease treatment, such biologic 

drugs have pharmacokinetic and pharmacodynamics properties that can lead to harmful 

off-target effects in healthy tissues and limit delivery to tumors7-9. As a deeper mechanistic 

understanding of T cell biology has developed, the possibility of using T cells themselves 

as a therapeutic agent has gained momentum. This strategy presents the prospect of 

programming therapeutic immune cells to autonomously sense and respond to complex 

arrays of signals allowing them to adapt their migration, proliferation, and cell killing as 

 

Figure 1: The Cancer-Immunity Cycle. Reprinted from Immunity, 39, Chen and 

Mellman, Oncology Meets Immunology: The Cancer-Immunity Cycle, 10, Copyright 

(2013), with permission from Elsevier.  
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needed10. This enormous potential to increase treatment efficacy and safety has motivated 

the development of T cell therapies.  

1.1 T cell therapies and their current challenges 

Starting in the 1980s, studies at the NIH demonstrated that T cells themselves could 

be used as a therapeutic agent. In these seminal studies, autologous infusions of tumor-

specific T cells harvested from patient tumors and expanded ex vivo mediated durable anti-

tumor responses in melanoma patients11, 12. These discoveries coincided with significant 

improvements in genetic engineering technologies13 and spurred the development of a host 

of strategies to improve anti-tumor responses. For example, identification of tumor-specific 

TCR sequences in tumor-infiltrating lymphocyte (TIL) populations enabled the cloning of 

TCR genes into T cells prior to infusion as a cellular therapy14-16 (Figure 2). In this manner, 

 

Figure 2: Adoptive transfer of genetically engineered T cells. 

Reprinted from Science, 348, Rosenberg and Restifo, Adoptive cell transfer as 

personalized immunotherapy for human cancer, Copyright (2015), with permission 

from the American Association for the Advancement of Science.  
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populations of T cells could be genetically engineered to recognize tumor associated 

antigens (TAAs) and effector populations expanded without endogenous recognition of 

tumor cells. To enhance TCR recognition of cancer cells and improve anti-tumor 

responses, directed evolution of TCR sequences using phage display platforms enabled 

affinity enhancement of tumor-reactive TCR sequences17-19. Equipped with transgenic 

TCRs, engineered T cells mediated sustained clinical responses in multiple forms of 

leukemia18, 20, 21, and this success motivated hundreds of ongoing clinical trials targeting 

dozens of TAAs with adoptively transferred cells (Table 1).  

While transgenic TCRs enable targeting of tumor antigens, this process is 

contingent on the epitope’s presentation in the context of the patient’s HLA haplotype22. 

Because MHC genes are highly polymorphic in the general population, this requirement 

effectively precludes the use of a single TCR in all patients. Furthermore, loss of MHC 

expression is a common mechanism of immune escape in malignant cells that allows 

Table 1: Active clinical trials with engineered T cells. Data taken from 

clinicaltrials.gov on May 23, 2020.  
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evasion of TCR recognition23. Thus, targeting cells through MHC-independent axes has 

been pursued along multiple pathways. For example, T cells that recognize target cells via 

the monomorphic protein MR1 have recently been demonstrated to kill a wide range of 

cancerous cells without harming noncancerous cells24. This process is hypothesized to be 

specific for cancer-associated metabolites presented by the MR1 molecule and illustrates 

one of many non-MHC restricted targeting pathways. Other examples include stress-

inducible NKG2D ligands which are widely expressed by cells in the TME and recognized 

by the NKG2D receptor25. Fusing the extracellular domain of this receptor to intracellular 

signaling domains of TCRs (e.g. ζ-chain) produces Chimeric Antigen Receptors (CARs) 

capable of recognizing TAA’s and triggering effector functions in the engineered cell. 

Using such CARs, NKG2DLs have been targeted by engineered cells without relying on 

MHC presentation by the target cells26, 27. Furthermore, a wide variety of targeting moieties 

have been incorporated into CAR designs including hybridizing DNA28 or chlorotoxin 

derived from scorpion venom29 allowing broad recognition of malignant cells without 

MHC restriction. In addition to tumor recognition domains and ζ-chains, second and third 

generation CARs incorporate costimulatory molecules such as the endodomains of CD28 

or 4-1BB to facilitate downstream signaling and effector functions in engineered T cells 

(Figure 3)30. CAR T cells containing each of these domains have demonstrated sustained 

clinical efficacy with CD28 CARs generally exhibiting higher peak expansion levels and 

cytokine secretion and 4-1BB CARs demonstrating improved persistence and resistance to 

exhaustion31. The most common of these architectures are CARs comprised of scFv 

domains targeting surface antigens expressed by cancer cells (Figure 3). Indeed, the two 

FDA-approved T cell therapies are scFv-based CAR T cells specific for CD19 – a lineage 
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marker widely expressed by malignant B cells in several forms of leukemia. The majority 

of clinical stage cellular therapy candidates target cancer cells with CARs containing scFv 

domains and hundreds of clinical trials targeting dozens of surface antigens are ongoing 

(Table 1). Despite these advances, the field faces several challenges that must be overcome 

to enable wider use of this transformative class of therapies.  

 

1.1.1 Tumor recognition and discrimination from healthy tissues 

One of the major challenges facing immunotherapies is identifying tumor-associated 

antigen targets that allow discrimination from healthy tissues. For example, CAR T cells 

targeting CD19 and BCMA are the most clinically advanced cellular therapies yet they also 

deplete non-malignant B cells or plasma cells that express the target antigen in addition to 

cancer cells32. In these cases, the loss of normal cells can be tolerated and mitigated by 

 

Figure 3: TCR and CAR architecture. Reprinted from Science, 359, June, et al., 

CAR T cell immunotherapy for human cancer, 6382, Copyright (2018), with 

permission from The American Association for the Advancement of Science.  
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intravenous infusions of immunoglobulin to replace the antibodies typically produced by 

the healthy cells33, 34. However, the killing of healthy cells which express the target antigen 

has also led to potentially fatal off-tumor, on-target toxicity following administration of 

engineered T cells35, 36. These effects can occur even when healthy cells express low levels 

of the target antigen (e.g. Her2 by lung epithelial cells37) or epitopes that are 

stereochemically similar to the tumor target (e.g. MAGE-A12 or titin in the brain or heart38-

40). Collectively, these examples illustrate the challenges presented by CAR and TCR target 

expression on healthy cells and motivate efforts to carefully tune receptor affinities to 

enable killing of tumor cells as well as tolerance of normal tissues41, 42.  

When TAAs for engineered T cell therapies can be identified, efforts to target these 

epitopes have encountered challenges as tumors evolve to cope with this new selective 

pressure. For example, the constitutively active EGFRvIII variant is not expressed on 

healthy cells43, but infusions of EGFRvIII-specific CAR T cells in glioblastoma (GBM) 

patients led to outgrowth of EGFRvIII-negative tumor cells44. It is now understood that 

antigen escape occurs through several mechanisms including heterogeneous expression of 

the target antigen at treatment44, 45, alternative splicing of the target molecule to prevent 

surface expression or recognition46, and lineage switching by tumor cells leading to 

complete loss of target expression47. Thus, simultaneously targeting multiple epitopes 

using bispecific CARs (also called OR-gated CARs) is under development to broaden T 

cell specificity and prevent outgrowth of antigen-negative cells 48, 49.  

1.1.2 Challenges with solid tumor microenvironments 
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While engineered T cells consistently demonstrate durable responses in multiple forms of 

leukemia, these success rates have not reliably translated into solid tumors which develop 

many mechanisms to impair effective cancer immunity50. For example, solid tumors 

require additional trafficking steps prior to T cell-mediated killing of cancer cells and 

intratumoral cells inhibit many steps of this process including T cell homing to the tumor 

site and rolling or adhesion on tumor vasculature3. This disruption is accomplished, in part, 

by the reduced expression or aberrant post-translational modification of chemokines51, 52 

and inhibition of adhesion molecules (e.g. ICAM-1 and VCAM-1) on the tumor vascular 

endothelium53, 54. To mitigate these effects, regional delivery of engineered T cells has 

improved trafficking and therapeutic outcome compared to intravenous infusions, 

especially in CNS tumors55-58. Furthermore, intratumoral injections of therapeutic agents 

such as oncolytic viruses induce selective destruction of tumor cells and improve 

recruitment of neoantigen-specific T cells to the site. The ability to activate the immune 

system appears to be critical to the success of these therapies59 and efforts to incorporate 

GM-CSF into the platform resulted in an FDA approval for advanced melanoma.  

When T cells successfully infiltrate tumors, they encounter microenvironments 

containing high levels of suppressive cytokines (e.g. TGF- β and IL-10)60, 61 or depleted of 

critical metabolic substrates by upregulation of enzymes such as indoleamine 2,3-

dioxygenase (IDO) and arginase62. These immunosuppressive microenvironments are 

generated by the cancer cells themselves as well as non-malignant cells such as tumor 

associated macrophages (TAMs), regulatory T cells (Tregs), and myeloid derived suppressor 

cells (MDSCs) which are recruited to the site2, 63. These cells also express surface 

molecules which suppress or kill T cells such as PD-L1, PD-L2, FasL, and TRAIL and aid 
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immune evasion64-67. Thus, in addition to cancer cells themselves, non-malignant cells in 

the TME also contribute to disease progression making them important targets for 

immunotherapies. However, these cells also mediate normal peripheral tolerance and 

targeting them without deleterious off-tumor effects remains difficult26, 68-70. These soluble 

and cellular factors are also present in the tumor draining lymph node (TDLN) where they 

inhibit anti-tumor immunity by preventing effective presentation of TAAs to cytotoxic 

CD8 T cells as well as polarization of CD4 cells to a T helper 1 (Th1) phenotype71, 72.  

To counteract immunosuppression in the TME and TDLNs, several classes of 

biological drugs have emerged that prevent immunosuppressive signaling or provide 

immunostimulatory cues. For example, checkpoint blockade using monoclonal antibodies 

specific for proteins in the CTLA-4 or PD-1 axes have transformed clinical practice for 

many types of cancer including Merkel cell carcinoma, melanoma, and hepatocellular 

carcinoma73. Additionally, infusions of recombinant cytokines such as IL-2 and IL-15 can 

support the proliferation of T cells and stimulate the generation of cytotoxic T cell 

populations74. In fact, IL-2 immunotherapies were among the first to demonstrate clinical 

efficacy75, 76 and different forms of IL-15 are being tested in trials seeking to proliferate 

and maintain memory CD8 T cells9, 77, 78. These checkpoint blockade and cytokine 

approaches are most effective in cancers characterized by high mutational burdens such as 

melanoma or colorectal cancer79, 80 suggesting that existing T cell specificity for 

neoantigens is critical for treatment success. When endogenous tumor recognition does not 

occur efficiently, biologics such as Bispecific T cell Engagers (BiTEs) can redirect T cell 

specificity to tumor-associated antigens by binding the molecular target as well as CD3 on 

the surface of T cells5, 81. However, the systemic administration of all these biologic drugs 
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can lead to significant off-tumor effects that narrow their therapeutic window7-9. Thus, 

localizing the activity of adjuvant drugs and cytotoxicity of T cells to the TME represents 

an important goal for future immunotherapies.     

1.1.3 Exhaustion and persistence of transferred T cells 

In addition to suppressing T cells with soluble or ligand-bound signals, prolonged antigen 

stimulation can give rise to populations of exhausted T cells (Tex)
82. Originally described 

in chronic viral infections, Tex also present in many forms of cancer and are characterized 

by high expression of inhibitory receptors (e.g. PD-1, TIM-3, LAG-3), reduced secretion 

of immunostimulatory cytokines, attenuated proliferation, and diminished ability to kill 

target cells83-86. Although biologic interventions such as checkpoint blockade can 

transiently reinvigorate Tex, the epigenetic profiles of Tex play important roles in 

maintaining this exhausted phenotype and are largely unaffected by treatments such as PD-

1 blockade87, 88. To prevent differentiation of exhausted T cell populations and improve 

therapeutic outcome, many efforts have sought to leverage or generate stable populations 

of effector T cells (Teff) or memory T cells (Tmem) for adoptively transferred cells89. These 

approaches include preselection of memory T cells for genetic manipulation90, 91, in vitro 

differentiation of transduced T cells into Tmem prior to adoptive transfer92, 93, and the 

transient disruption of CAR signalling to prevent exhaustion94, 95. Still, more studies are 

required to identify the optimal populations for durable anti-tumor responses as well as 

efficient methods for generating these cells at a clinical scale. Given the breadth of these 

challenges, numerous strategies to stimulate T cells and augment their anti-tumor activity 

have emerged. 
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1.2 Engineering approaches to improve anti-tumor T cell activity 

1.2.1 Biomaterials approaches 

Due to difficulties in establishing endogenous niches of functional immune cells, 

biomaterials approaches seek to establish immunostimulatory environments or provide 

targeted delivery of adjuvant drugs that support anti-tumor immune activity. For example, 

cancer vaccines focus on priming tumor-specific responses through the administration of 

mutated peptides or neoepitope-encoding RNA or DNA although they have historically 

demonstrated low objective response rates96, 97. Because the kinetics of neoepitope 

presentation and colocalization of immunostimulatory adjuvants are critical to eliciting 

robust immune responses, biomaterial architectures have emerged which allow greater 

control of these factors98, 99. For example, scaffold-based cancer vaccines containing 

components such as neoantigens, GM-CSF to recruit endogenous DCs, siRNA to inhibit 

expression of immunosuppressive cytokines, and adjuvants such as CpG are constructed 

from numerous biomaterials to ensure that DCs take up antigen in a sustained, pro-

inflammatory environment100-103. These synthetic microenvironments contrast with 

immunosuppressive TDLNs which generate tolerance to TAAs if presentation by APCs 

occurs without the proper costimulatory signals71.  

 In addition to recruiting APCs, biomaterials scaffolds decorated with 

immunostimulatory agents also encapsulate APCs or effector T cells to provide ideal 

delivery vehicles for adoptive transfer protocols104, 105. In this manner, transferred cells are 

exposed to high concentrations of factors such as IL-15 superagonists103, and antibodies 

for CD3 and CD28106, 107. Such scaffolds are injected near tumors or implanted at surgical 
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sites to improve postoperative responses following tumor resection. Additional 

biomaterials approaches also load immunostimulatory agents directly on effector T cells 

themselves to provide T cell-localized sources of adjuvants. For example, nanoparticle 

‘backpacks’ tethered to the surface of tumor-specific T cells allow infiltrating T cells to 

carry a one-time dose of drug into tumor sites108. These nanoparticle backpacks are 

engineered so they release their cargo within tumors following TCR-recognition of tumor 

antigen ensuring targeted delivery of these agents109. Collectively, these examples illustrate 

a wide range of biomaterials-based approaches to improve anti-tumor T cell responses.  

1.2.2 Genetic approaches 

In addition to redirecting antigen specificity by introducing CARs or transgenic TCRs, 

genetic editing platforms can also disrupt endogenous genes to improve the in vivo activity 

of engineered cells.  For example, the nuclease CRISPR-Cas9 (clustered regularly 

interspaced short palindromic repeats associated with Cas9 endonuclease) allows RNA-

directed changes to the genome with single-base pair precision110.  Thus, addition of the 

tumor-targeting receptor can be coupled with targeted deletions of specific genes in 

engineered cells.  Using this strategy, disruption of genes encoding immunosuppressive 

ligands such as PD-1 improve anti-tumor responses and have motivated ongoing clinical 

trials using transferred cells containing multiple genetic edits111-114.  Furthermore, the α or 

β chains of the endogenous TCR can pair with those of the transgenic, tumor-targeting 

TCR resulting in self-reactive T cells115-117.  Accordingly, the genes encoding the 

endogenous TCR (TRAC and TRBC) are also attractive targets for deletion in engineered 

T cells114.  Many studies have identified additional gene targets whose disruption in 

transferred T cells enhance therapeutic responses such as Tet2118, Ppp2r2d119, or mTOR120.  
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These examples all demonstrate that inhibition of many cellular processes could improve 

future T cell therapies.  

In addition to deleting endogenous genes, genetic editing also allows T cells to 

produce biologics to overcome immunosuppression or target antigens after tumor 

infiltration. For example, ‘armored CARs’ constitutively express tumor-specific CAR as 

well as biologics such as IL-12121, αPD-1 scFvs122, and BiTEs123 to improve anti-tumor 

activity. To limit gene expression outside of tumors, T cells engineered with sense-and-

respond biocircuits exhibit conditional activation in the presence of specific input signals. 

Input signals include T cell recognition of a tumor-associated antigen using NFAT-

inducible cassettes124-126 or the presence of soluble molecules upregulated in the TME such 

as the immunosuppressive cytokine TGF-β127. To further increase specificity, T cells have 

been engineered to target unique combinations of epitopes expressed in the TME to allow 

discrimination from healthy cells expressing a single epitope128. Such approaches require 

the presence of both target antigens for T cell activation to occur and have demonstrated 

efficacy in multiple models of focal tumors129, 130. Other examples based on Boolean logic 

include the development of NOT-gated circuits which spare cells from cytotoxic activity 

following detection of a healthy epitope131. Collectively, these strategies allow T cells to 

exhibit emergent therapeutic responses after encountering cues naturally found in their 

environment.  

1.2.3 Remote control platforms 

In addition to molecular cues intrinsic to the TME, external cues such as small 

molecules or light have been used to control engineered T cell activity132 (Figure 4). These 
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strategies are especially useful for regulating or tuning engineered T cell activity which is 

critical for limiting off-tumor toxicity as observed in Cytokine Release Syndrome (CRS) – 

a  potentially fatal inflammatory response observed in patients receiving CAR T cell 

therapies133, 134. To control CRS, “suicide switches” allow rapid induction of apoptosis in 

transduced cells via drug-induced dimerization of caspase molecules allowing all CAR T 

cells to be eliminated by a single infusion of a small molecule trigger135. This safety 

mechanism illustrates one method of remote control of T cell activity (i.e. drug-induced 

suicide) and has been validated in several different CAR circuits136-138. Additionally, small-

molecule control of CAR expression or signaling can link CAR activity to the presence of 

a drug allowing tighter control of cytotoxicity and the potential to ameliorate exhaustion 

from prolonged exposure to antigen95, 139. This strategy also has the added benefit of not 

killing the therapeutic T cells after administration of the drug trigger.  

Because small molecules are administered systemically and affect all engineered 

cells in the body, spatially targeted triggers such as light or heat have also been explored 

  

Figure 4: Local control of engineered T cell activity. Reprinted from Gamboa, et 

al., Synthetic immunity by remote control, Copyright (2020), with open access 

permission from Creative Commons. 
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for localized control over engineered T cell activity (Figure 4). Spatial control over immune 

activity would allow confinement of potent immunostimulatory activity to the TME 

thereby minimizing concerns with off-tumor toxicity in healthy tissues. Examples of 

targeted optical systems include light-based control over T cell migration by re-engineering 

the chemokine receptor CXCR4 to include domains of the light-sensitive protein 

rhodopsin140. Using this photoactivatable chemokine receptor, T cell chemotaxis could be 

directed with targeted light both in vitro and in vivo141. Light can also control T cell gene 

expression by several mechanisms such as triggering dimerization of split recombinases142 

or via optically triggered calcium signaling which leads to expression of NFAT-responsive 

genes143, 144. While these systems enable precise spatial control, the limited penetration of 

activating light limits their use to superficial tissues145.  



 16 

To enable localized control of immune cell activity in deep tissues, heat can also 

trigger engineered cellular activity. One advantage of this strategy is the existing suite of 

medical platforms engineered for precision heating in the body146 (Figure 5). For example, 

Hyperthermic Intraperitoneal Chemotherapy (HIPEC) uses heated infusions of 

chemotherapy to sensitize cancer cells to small molecule agents and enhance their diffusion 

into tumors147. Furthermore, technologies such as high intensity focused ultrasound 

(HIFU)146, 148, intracranial laser heating149, 150, and microwave ablation151 all use localized 

hyperthermia to directly target tumors within different temperature ranges (Figure 5). 

Several mechanisms can convert thermal signals into immunological activity by initiating 

gene expression following heat treatments132. These include temperature sensitive 

 

Figure 5: Thermal medicine enables targeted heating of tumors. Schematic 

illustrating platforms for in vivo heating and their common temperature ranges. 
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transcriptional suppressors which lose the ability to inhibit transcription at defined 

temperatures152, 153, and RNA thermometers that are translated following heat-induced 

conformational changes which expose ribosome binding sites154. The evolutionarily 

conserved heat shock response also upregulates the transcription of protective chaperones, 

collectively called heat shock proteins (HSPs), at levels comparable to the strongest known 

viral promoters155, 156. Heat-inducible systems based on HSP promoters have incorporated 

the HSP70 promoter due to its strong inducibility157, 158. Such platforms used localized 

heating to trigger immunostimulatory cytokine expression following intratumoral 

injections of recombinant adenovirus vectors159, 160. Thus, thermal cues can also be 

leveraged for remote control of engineered T cell therapies.   

1.3   Thesis overview 

In this context, this thesis describes the development of a platform enabling thermal control 

of engineered T cell therapies as well as its first applications in mouse models of cancer 

(Figure 6). Chapter 2 describes efforts to construct thermal gene switches using truncated 

sections of an endogenous heat shock promoter. It also introduces a photothermal method 

 

Figure 6: Remote control of engineered T cell therapies with pulses of heat. 

Schematic for localized control of engineered T cell activity. 
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for targeted in vivo heating as well as pulsatile heating regimens to improve thermal 

tolerance and enhance switch activity in engineered cells. Chapter 3 describes the design 

of synthetic thermal gene switches which exhibit lower basal activity and enhanced 

specificity for thermal cues compared to genomic sequences. Using these synthetic thermal 

gene switches, we demonstrate control of potent immunostimulatory genes and T cell 

effector functions such as proliferation and cytotoxicity. Using models of adoptive cell 

transfer in murine models of cancer, we demonstrate that photothermal control of 

engineered T cells improves their anti-tumor activity and treatment outcome. Finally, the 

appendices catalog several unpublished studies that guided the experimental design of the 

previous chapters. These include experiments with primary murine cells which ultimately 

led to the selection of human T cells and xenograft models as the initial testbed for the 

thermal control platform. The thesis ends with exploratory studies that use in vitro 

differentiated MDSCs to recapitulate immunosuppressive niches in the TME and provide 

a roadmap for future applications of remote thermal control of T cell therapies.  
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REMOTE CONTROL OF MAMMALIAN CELLS WITH HEAT-

TRIGGERED GENE SWITCHES AND PHOTOTHERMAL PULSE 

TRAINS 

 Adapted from Miller, I.C., Castro, M.G., Maenza, J., Weis, J.P. & Kwong, G.A. 

Remote Control of Mammalian Cells with Heat-Triggered Gene Switches and 

Photothermal Pulse Trains. Acs Synth Biol 7, 1167-1173 (2018) with permission from the 

American Chemical Society.  

1.4 Abstract 

Engineered T cells are transforming broad fields in biomedicine, yet our ability to control 

cellular activity at specific anatomical sites remains limited. Here we engineer thermal gene 

switches to allow spatial and remote control of transcriptional activity using pulses of heat. 

These gene switches are constructed from the heat shock protein HSP70B’ (HSPA6) 

promoter, show negligible basal transcriptional activity, and activate within an elevated 

temperature window of 40–45°C. Using engineered Jurkat T cells implanted in vivo, we 

use plasmonic photothermal heating to trigger gene expression at specific sites to levels 

greater than 200-fold. We show that delivery of heat as thermal pulse trains significantly 

increases cellular thermal tolerance compared to continuous heating curves with identical 

area-under-the-curve (AUC), enabling long-term control of gene expression in Jurkat T 

cells. This approach expands the toolkit of remotely controlled genetic devices for basic 

and translational applications in synthetic immunology. 
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1.5 Introduction: Heat Shock Response 

Recent developments in mammalian synthetic biology are providing new 

approaches to control complex cellular activity, such as cell signaling, communication, and 

differentiation using orthogonal cues including small-molecules, proteins, or light161-163. 

These advances are leading to numerous applications for synthetic immunology; in 

particular, the design of engineered T cells with entirely new abilities164 such as the 

capacity to migrate toward synthetic chemical cues165, deliver drugs to tumors166, employ 

logic-gates to sense antigens128, and target cancer with chimeric receptors167. Despite these 

advances, our ability to precisely control T cell gene expression at specific anatomical sites 

in vivo remains limited. This is particularly important for therapeutic applications of 

engineered T cells. Clinically used methods to control T cells that involve systemic 

administration of potent immune-modulating drugs168 or biologics4, 74 lack spatial and 

temporal precision and can be associated with significant adverse effects169. Engineered T 

cells capable of being locally activated at desired locations in the body by externally 

applied cues – such as light145, 163 or radio waves170 – will increase the precision of 

engineered T cell applications for use in humans. 

Inspired by the precision with which pulses of heat can be delivered to sites located 

both superficially and at depth inside the body (e.g., by laser heating171, induction 

heating151, or focused ultrasound172), we engineer Jurkat T cells with heat-triggered gene 

switches for remote control of transcriptional activity by plasmonic photothermal heating. 

Temperature control has a rich and longstanding clinical history such as the use of freezing 

temperatures for cryoablation173 and hyperthermia to increase radiosensitivity174 or 

enhance drug delivery146. Despite this, few engineered genetic systems have been designed 
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that leverage temperature triggers to regulate cellular activity. Past work on mammalian 

gene switches include transcriptional activity triggered by small molecules, protein ligands, 

and light161. Genetically encoded thermal switches such as RNA thermometers154 or 

temperature-sensitive transcriptional regulators152, 153 have been developed for bacterial 

systems, but the prokaryotic origin of these approaches raises concerns with 

immunogenicity in T cells and potentially limits their use for cellular control in mammalian 

systems. By contrast, our thermal gene switches are constructed from endogenous 

promoters that drive the heat shock (HS) response – a highly conserved reactive mechanism 

to transient elevations in temperature (~3–5°C above basal temperature) that triggers 

expression of protective HS proteins at levels comparable to the strongest known viral 

promoters175. The ubiquity of the HS response has driven past work on thermal gene 

regulatory systems in mammals, worms, fish and other organisms176, including the use of 

plasmonic nanomaterials to remotely activate engineered cells157, 177-179. However, these 

approaches activated wild-type promoters with continuous heating methods that result in 

low cellular viability180 and preclude their use for longitudinal control of cells.  

Here we show that Jurkat T cells engineered with thermal gene switches 

constructed from the heat shock protein 70B’ (HSPA6) promoter have negligible activity 

at basal body temperatures but trigger gene expression to levels greater than 200-fold 

following exposure to elevated temperatures within a narrow transition window (40–42°C). 

We spatially control Jurkat T cell activity with heat delivered by the photothermal effect 

using the precision of near infrared (NIR) laser light for targeting and plasmonic gold 

nanorods as transducers to convert incident NIR light into localized heat171. We also 

demonstrate that the use of thermal pulse trains compared to heat delivered at a constant 
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temperature significantly increases thermal tolerance to allow long-term control of Jurkat 

T cells for weeks in a living host.  

1.6 Results 

1.6.1 Engineering a thermal gene switch 

Within the mammalian family of HS promoters, heat responsiveness is primary mediated 

by Heat Shock Factor 1 (HSF1) – a transcription factor that is normally present as an 

inactive monomer under basal conditions. During hyperthermia, HSF1 is converted to a 

homotrimer that then binds to heat shock response elements (HSEs) arrayed upstream of 

the transcription start site156, 181. These HSEs, together with putative negative regulatory 

regions, dictate the heat response characteristics of a promoter. Therefore, we sought to 

perform truncation analysis on the HSPA6 locus to characterize different regions of the 

wild-type promoter sequence to identify constructs with low basal activity and high fold-

induction182, 183. We cloned 8 candidate constructs (labelled i–viii, Figure 7a) into HEK 

293T cells starting at four upstream sites at –2964, –1231, –648, and –71 bp relative to the 

transcriptional start site, and ending at two downstream sites at +48 and +119 bp – the latter 

corresponding to the beginning of the open reading frame (ORF) of the HSPA6 gene. From 

our library, we selected construct ii for use in further studies based on several 

considerations: it had a high fold-induction, absolute level of activity, and small base pair 

footprint to allow larger gene inserts into viral vectors.  
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We next evaluated thermal switch activity in Jurkat T cells which showed a sharp 

 

Figure 7: Heat-triggered gene switches in Jurkat T cells. (a) Eight constructs (i-

viii) cloned from the heat shock protein HSPA6 locus used to evaluate sensitivity to 

thermal activation in HEK 293T cells. Constructs i-iv extend to +119 bp beyond 

transcriptional start site while constructs v-viii terminate at +48 bp. Fold inductions of 

normalized luminescence (Heat/No heat) are listed to the right of each construct. 

RLU: Relative Luminescence Units, n = 3, error bars = SEM. (b) Kinetic trace of 

cumulative switch activity at 42 °C in Jurkat T cells following 1 hr heating, n = 3, 

error bars show SEM and are smaller than the displayed data points, **** P < 0.0001, 

one-way ANOVA and Dunnett’s multiple comparison test . (c) Decay kinetics of 

switch activation after 1 hr heating at 42 °C. Luminescent values were determined by 

sampling and replacing supernatant after maximum activity was reached, n = 3, error 

bars = SEM. 
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switch-on transition 6 hours after heat treatment (42 °C) that resulted in a ~70-fold increase 

in luminescent signals (Figure 7b). At time points greater than 9 hours, no appreciable 

decrease in signals were observed that would indicate a switch-off transition. We attributed 

this result to the Gluc reporter we used because it is naturally secreted and not subject to 

intracellular degradation pathways such as ubiquitination. Therefore, to measure our 

thermal switch-off kinetics, we repeatedly sampled and replaced the cellular supernatant 

after maximum Gluc activity was attained at 9 hours and determined a decay constant half-

life of ~1 hour (Figure 7c). Additionally, incorporation of a GFP reporter revealed that 

~90% of transduced Jurkats were actuated by heat treatments (Figure 8). These results 

 

Figure 8: Heat actuation of thermal gene switches in Jurkat T cells. Thermal 

treatments of transduced or untransduced Jurkats containing a heat-activated GFP 

reporter and a constitutively expressed mCherry reporter under the SFFV promoter. 

Heating was performed for 15 min at 42 ºC and cells were assayed 24 hrs after 

heating.  
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show that thermal switches constructed from the HSPA6 promoter exhibit sharp switch-on 

and switch-off kinetics in transduced Jurkat T cells. 

1.6.2 Triggering cellular activity with pulses of heat 

To determine the relationship between heating duration, temperature, and thermal switch 

activity using continuous temperature inputs, we heated transduced Jurkat T cells for 15 – 

60 minutes at temperatures ranging between 37 and 42 °C (Figure 9a, b). Elevations in 

temperature as low as 39 °C (ΔT = 2 °C) were sufficient to induce switch activity, and 

either higher temperatures or extended heating durations increased output activity, with 

maximal levels occurring at 41–42 °C. Moreover, our data showed that the level of thermal 

switch activity was independent of path; therefore, we hypothesized that milder heating 

conditions using discrete pulses of heat could be used to increase T cell thermal tolerance 

yet achieve similar levels of thermal switch activity.  

To test this, we compared the efficacy of delivering heat using pulse train or 

constant temperature profiles (Figure 9c). Under a 67% duty cycle comprised of a 10 

minute heat step at 42 °C and 5 minute rest period at 37 °C, each additional thermal pulse 

progressively increased cell output activity such that the cumulative effect from three 

pulses was ~50% higher compared to the intensity obtained using a constant temperature 
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profile (i.e., 100% duty cycle) with an identical area under the curve (AUC) (Figure 9d). 

We observed a similar trend where output activity increased with the number of pulses at 

a lower activating temperature of 40 °C; however, the level of activity between three pulses 

and continually heated samples was statistically identical. We attributed this difference 

between 40 and 42 °C to the ability of Jurkats to better tolerate smaller elevations in 

temperature. To test this, we analyzed Jurkat viability by Annexin V and propidium iodide 

 

Figure 9: Thermal pulse trains augment switch activity and enhance Jurkat 

thermal tolerance. (a)  Continuous heat treatment profiles with increasing time or 

temperature. (b) Luminescent traces showing that increases in both duration and 

temperature of heating augment switch activity in a pathway-independent fashion, n = 

3, error bars = SEM. (c) Diagram of thermal pulse trains at a 67% duty cycle (10 min 

on, 5 min off) and continuous heat treatments. Total heated time for last two regimens 

were identical (30 min). (d) Supernatant luminescence after discrete pulses (1, 2, or 3 

cycles) or continuous heating at 40 and 42 °C, n = 3, **P < 0.01, one-way ANOVA 

and Tukey’s multiple comparison test, error bars = SEM. (e) Propidium Iodide (PI) 

and Annexin V stains of Jurkat T cells heated at 42 °C. (f) Quantification of Jurkat 

viability across replicate samples and duty cycles. Total heating time = 30 min, n = 3. 
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(PI) stains for apoptosis and cell death respectively, and found that at 42 °C, a 67% duty 

cycle significantly reduced double positive cells by over 70% compared to continuous 

heating, and maintained a cell viability of ~90% relative to that of unheated cells (Figure 

9e, f). Conversely, no significant differences in cell death and viability were observed at 

40 °C even after 40 minutes of constant heating (Figure 10). Collectively, our data showed 

that the number of pulses in a thermal train controls the level of output activity and 

significantly increases thermal tolerance of Jurkat T cells compared to constant temperature 

inputs.  

1.6.3 Photothermal targeting of Jurkat T cells 

We next set out to demonstrate temperature control of Jurkat T cells using externally 

applied triggers. Spatially targeted heating in human patients can be achieved in deep 

 

Figure 10: Mild hyperthermia is well-tolerated by Jurkat T cells. Quantification 

of PI and Annexin V viability stains of Jurkat T cells. Viable = PI–AnnexV– 

population 24 hr after heat, n = 3, two-way ANOVA with Bonferroni’s multiple 

comparison test, error bars = SEM. 
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tissues using multiple platforms including focused ultrasound, inductive heating, and 

microwave heating146. Here we chose photothermal heating using near infrared (NIR) laser 

light (λ = 808 nm) irradiation of plasmonic gold nanorods (AuNRs)171. AuNRs are long-

circulating nanomaterials whose geometry can be precisely tuned to absorb and convert 

incident NIR light into thermal energy by surface plasmon resonance (SPR) (Figure 11a). 

Passively targeted AuNRs accumulate in tissue across fenestrated endothelium such as 

tumors184, 185 and allow for localized heating when the site is exposed to otherwise benign 

NIR light. To test this approach, we arrayed mixtures of AuNRs and luciferized Jurkats 

into a 96-well plate and confirmed coincident increases in both temperature and luciferase 

activity in wells treated with NIR laser light (Figure 11b), allowing spatial targeting of 

cellular expression in patterns such as the Georgia Tech logo (Figure 12). We then tested 

this system in vivo by laser heating subcutaneous matrigel implants encapsulated with 

Jurkat T cells and AuNRs (Figure 13a) under the guidance of a thermal camera to allow 

 

Figure 11: Remote control of engineered Jurkats. (a) Absorbance spectrum of 

AuNRs with a with a maximum absorbance (805 nm) within the NIR window (~650–

900 nm). (b)  Top: thermograph of 96-well plate with wells containing engineered 

Jurkats with (+) and without (−) AuNRs and heated with NIR laser light (+) or 

unheated (−). Bottom: Luminescent image showing Fluc activity of engineered 

Jurkats contained only to wells with AuNRs (+) and heated with laser light (+) for 20 

min at 42 °C. 
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maintenance of target skin temperatures in real time (Figure 13b, c). At implant sites heated 

to focal skin surface temperatures of 42 °C and 45 °C, we observed over 105-fold and 209-

fold increases in luciferase activity respectively compared to unheated sites kept at body 

temperature (Figure 13d). In contrast to our in vitro studies showing maximum cell 

activation at 42 °C (Figure 9b), a surface skin temperature of 45 °C was required to robustly 

trigger our thermal switch in vivo. We attributed this difference to measuring temperature 

at the surface of the skin compared to the core of the implant. We did not observe tissue 

damage to the skin surface at 45 °C and chose to work with this activating temperature for 

further in vivo studies. Taken together, our data showed that photothermal heating using 

NIR light and AuNRs effectively allows spatial targeting and control of cellular activity in 

vivo.  

1.6.4 Thermal pulse trains for long-term control of Jurkat T cells in vivo 

 

Figure 12: Spatially selective activation of thermal switches. Select wells heated in 

pattern of the Georgia Tech logo using 808 nm laser light. Plate imaged with IVIS 

Spectrum CT 24 hrs after heating.  
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Based on our in vitro studies which showed the benefits of heat delivery using thermal 

pulse trains, we sought to determine whether this method could be used to control Jurkat T 

cells over several weeks without significant reductions in cell viability and function. Serial 

 

Figure 13: Photothermal control of mammalian cells in vivo. (a) Photograph of 

nude mouse with subcutaneous matrigel implants (inset) containing engineered Jurkat 

T cells and AuNRs before heating. (b) Serial thermal images of mouse bearing AuNR-

matrigel implants within 5 min after laser activation. (c) Kinetic thermal traces 

(colored lines) showing average skin temperature of 3x3 pixel ROI centered on 

implant site immediately after laser is activated (triangle). Shaded regions around 

trace averages show STD of all heating runs, n = 3. (d) Luminescent image of nude 

mouse with Jurkat implants after heating at skin temperatures of 37, 42 and 45 °C for 

20 min. Radiance calculated as the difference in value between implant site 

luminescence and background radiance of mouse skin, n = 3, error bars = SEM. 
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modulation of T cell phenotype is especially relevant to chronic diseases such as HIV or 

refractory cancer that produce exhausted or anergic T cell populations186 and where 

recovering T cell effector functions requires repeated administration of activating drugs 

(e.g., cytokines and checkpoint blockade antibodies). To enable localized, extended control 

over Jurkat T cell behavior while maintaining high cell viability, we applied thermal pulse 

trains to heat matrigel implant sites serially using NIR laser light and AuNRs. To confirm 

that the rate of heat transfer in vivo would allow on-off cycling of thermal pulses, we 

irradiated implant sites at a 67% duty cycle which produced discrete skin temperature 

profiles characterized by a decay half-life of 1.7 minutes between pulses and an area under 

the curve (AUC) of 1.2 compared to the ideal square wave input (Figure 14a). We then 

compared the viability of Jurkats recovered from in vivo matrigel implants heated with 

thermal pulse trains to those treated by continuous heating (Figure 14b) and, consistent 

with in vitro studies (Figure 9e, f), found greater than a 1.7-fold increase in viability 

(Annexin V—, PI—) within pulsed cells after one day (Figure 14c, d). Because of this 

significant reduction in viability using a constant temperature profile, we explored long-

term control of cell behavior using repeated pulsatile heat treatments. Over the course of 

14 days, implanted Jurkats steadily increased switch activity compared to unheated 

controls such that signals by Day 14 were more than 4-fold higher than on Day 1 (Figure 

14e). To confirm long-term pulsatile heating did not adversely affect implanted cells, we 

analyzed the Jurkat T cells on Day 15 and observed no significant differences in apoptosis 

and cell death markers (Annexin V and PI) between pulsed and unheated cells kept at body 

temperature that were implanted concomitantly on Day 0 (Figure 14f). Together our data 
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shows that heat delivered in discrete pulses preserves cell viability and allows remote 

 

Figure 14: In vivo pulsatile heating enables long-term control of mammalian cell 

activity. (a) Idealized pulse-wave thermal input with a 67% duty cycle (top) and 

temperature trace of murine skin temperature during photothermal treatment (bottom). 

Red line trace = average temperature of 3x3 pixel ROI centered on implant site during 

heating. Shaded regions around average trace show STD of three heating series, n = 3. 

(b) Experimental timeline for luminescence imaging after heating. (c) PI and Annexin 

V viability flow plots of Jurkats harvested from pulsatile and continuously heated 

implants, with (d) quantification, n = 5–6, error bars = SEM. (e) Radiance trace of 

implant sites after pulsatile heat treatments on days 1, 3, 7, 10, and 14 after 

implantation, n = 4, error bars = SEM. Inset: luminescent images of representative 

implant sites on days 1 and 14. (f) Quantification for PI and Annexin V viability 

staining of Jurkats recovered from 37 and 45 °C heated implants in (e), n = 3, error 

bars = SEM. *P < 0.05, two-tailed t-test. 
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control of Jurkat T cells for weeks in vivo.  

1.7 Discussion 

Inspired by remote control of biological systems, we establish a framework for engineering 

mammalian cells with thermal gene switches for in vivo control using pulses of heat. 

Thermal gene switches constructed from the HSPA6 promoter activate within a narrow 

temperature window of 40–42 °C and trigger gene expression to hundreds of fold above 

basal levels while remaining silent at normal body temperature. Here we used wild-type 

promoter sequences but key thermal switch properties, including thermal activation 

temperatures and on-off ratios, could be further developed by directed evolution or 

incorporating similar genetic architectures from a wide range of species that have different 

temperature thresholds for heat shock activation (e.g., Arabian camel and zebrafish). This 

could provide orthogonal thermal band-pass circuits that express different genes depending 

on the temperature of the hyperthermic input as demonstrated recently in bacteria152.  

In our study, we found that pulsatile heat delivery significantly improved thermal 

tolerance of Jurkat T cells compared to continuous heating profiles with identical AUCs, 

which allowed long-term control of cells in vivo without reduction in output activity or 

cellular viability. In past studies, thermal tolerance was achieved by pretreatment of cells 

with mild heat followed by a rest period to allow expression of protective HSPs before full 

thermal induction187; however, this mechanism is unlikely to explain our results as our off-

cycle time (~10 minutes) was short for protein expression. The induction of thermal 

tolerance under our heating schedule may be related to HSF1’s trimerization mechanism 

in which hydrophobic regions in repeated heptad domains are disrupted and form 
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intermolecular coiled coils in response to hyperthermic conditions. These interactions 

allow HSF1 to stably trimerize and bind with high affinity to HSEs to initiate 

transcription156, 175, 181. Our pulsed delivery method may influence the rate at which these 

hydrophobic domains are exposed, or the population frequency of trimers since higher-

order oligomers are formed as well188, 189. The exact mechanism may be elucidated by 

examining the heat-response of substitution or deletion mutations within the hydrophobic 

domains that govern and regulate HSF1 trimerization188, 190-193. 

To heat specific sites in vivo, we chose to use NIR laser light and plasmonic gold 

nanorods to induce local hyperthermia in matrigel implants. The well-established bio-

distribution of nanoparticles194 in tissues with porous vessels such as secondary lymphoid 

organs (e.g., spleen or lymph nodes) or sites of disease (e.g., tumors) could allow 

engineered cells within these tissues to be remotely controlled. In humans, modalities such 

as focused ultrasound, radio- or microwaves are routinely used to precisely heat deeper 

tissues where targeting with optical techniques remains challenging146. In a clinical setting, 

a future application is to incorporate thermal gene switches into engineered T cell therapies 

for cancer to allow local expression of potent immune-modulating biologics4, 74 – which 

are otherwise associated with significant off-target toxicity when administered 

systemically – to combat tumor immunosuppression. Moreover, local heating may be 

targeted to sites implanted with biomaterials designed to enhance T cell function, including 

wafers that expand and disperse tumor-reactive T cells195. Looking forward, this 

framework of activating gene expression by heat provides an orthogonal mechanism to 

control cellular activity in addition to small-molecule196 or light-based methods145. Such 
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platforms may be integrated across different immune cell types for remote control of 

synthetic immunological systems.  

1.8 Methods 

Plasmid construction and viral production. The promoter of the HSPA6 gene (Uniprot 

P17066) was amplified from human genomic DNA (Clontech # 636401) at positions 

indicated in Fig 1a similar to previous studies182. XbaI and XhoI sites were added to the 5’ 

and 3’ ends of annealing sequences listed in the Supplementary Methods, digested, and 

used to insert the promoters into the Lego-C plasmid (Addgene #27348) that contains the 

reporter mCherry as a selectable marker. This fluorescent reporter was used to sort 

transduced cells using FACS. Additional reporters including Gluc (LifeTech 16146), 

emGFP (Imanis DNA1023) and Fluc (Addgene #33307) were added under control of the 

heat shock promoter via restriction enzyme digestion and ligation. Plasmid DNA was 

purified using a Plasmid Maxi Kit (Qiagen cat # 12163) and packaged into lentiviral 

vectors with psPAX2 (Addgene #12260) and pMD2.G (Addgene #12259). Cells were 

transduced in 10 µg/mL of protamine sulfate (Sigma) before FACS (BD FACS Aria) and 

downstream use.  

Switch Construction: HSPA6 promoter sequences had XbaI and XhoI restriction sites 

added to the 5’ and 3’ ends respectively during PCR amplification before being digested 

and ligated into the Lego-C plasmid (Addgene #27348). Annealing sequences for the 

primers are listed below here. Forward: tcatcttgaattcccacaacacatgg (Constructs i and iv);  

gatctgaatggaatgttctggattgaaga (Constructs ii and vi); aattctaccactgaaccaccaatgc (Construct 
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iii and vii); cgaaagttcgcggcgg (Constructs iv and viii). Reverse ggctgaagcttcttgtcgga 

(Constructs i – iv); agtgaggctctccctgcggtttctct (Constructs v – viii).  

Preparation of AuNRs. AuNRs were purchased from Nanopartz (item # A12-10-808-

CTAB-500) and pegylated (Laysam Bio cat #MPEG-SH-5000-5g) to replace the CTAB 

coating before being resuspended in DI at 0.5 mg/mL. This solution was used in a 1:100 

dilution for all laser mediated heating experiments in mice and 96-well plates.  

Viability studies. Jurkats were heated in a thermal cycler (Biorad) in HEPES buffered 

RPMI (25 mM) at a density of 106 cells/mL and incubated at 37 ºC and 5% CO2. After 24 

hours, cells were assayed for viability using the Apoptosis Detection Kit (BD cat # 

556547). For cells recovered from implant sites, matrigel was excised from mice, 

physically dissociated and incubated in Cell Recovery Solution (Corning) according to 

manufacturer’s instructions before analysis with Apoptosis Detection Kit 24 hours after 

conclusion of heating. All samples were analyzed with FlowJo, Version 10 (FlowJo LLC).  

In vitro heating assays. Cells were heated in a thermal cycler and immediately transferred 

to a 96-well plate and incubated until assayed. Unless otherwise indicated, cellular 

supernatant was sampled for reporter activity 24 hrs after heating. Density inside PCR 

tubes was 106 cells / mL. Luminescent activity was measured using a Cytation 5 plate 

reader (BioTek) and Gaussia Luciferase Assay Kit (New England Biolabs) according to 

manufacturer’s instructions.  

In vivo laser heating. 0.5 µg AuNRs and 2 x 106 engineered cells per 100 µL matrigel were 

used for laser heating with in vivo implants after subcutaneous injection into in nude mice 

(Jackson Labs). Mice were anesthetized with isoflurane gas and implant sites were heated 



 37 

using an 808 nm laser (Coherent) at a power density of ~9.5 A / cm2. All in vivo pulsatile 

heating profiles were performed for a total of 30 min of heat with a 67% duty cycle. Surface 

temperature was continually measured using a thermal camera (FLIR model 450sc). Rest 

periods during cyclic heating began when measured skin temperature reached 37 +/ −  1 

°C.  

In vivo bioluminescence and imaging. Fluc activity was measured using an IVIS Spectrum 

CT (Perkin Elmer) after i.p. injections of luciferin (Gold Bio) administered 4.5 hr after 

conclusion of activating heat shock. Integration time was set to automatic and imaging was 

conducted for up to 1.5 hr after injection. ROIs were defined within the Living Image 

software package (Perkin Elmer) and measured as average radiance (photons s−1 cm−1 sr−1).  

Statistical Analysis. All results are presented as mean, and error bars show SEM. Statistical 

analysis was performed using statistical software (GraphPad Prism 6; GraphPad Software). 

*p < 0.05, **p < 0.01.  
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REMOTE CONTROL OF CAR T CELL THERAPIES BY THERMAL 

TARGETING 

Adapted from Miller, I.C., Sun, L., Harris, A. M., Gamboa, L., Zamat, A. & Kwong, G.A. 

Remote control of CAR T cell therapies by thermal targeting. Pre-print bioRxiv 

doi:10.1101/2020.04.26.0627031167-1173 (2020). 

1.9 Abstract 

The limited ability to control anti-tumor activity within tumor sites contributes to poor 

CAR T cell responses against solid malignancies. Systemic delivery of biologic drugs such 

as cytokines can augment CAR T cell activity despite off-target toxicity in healthy tissues 

that narrows their therapeutic window. Here we develop a platform for remote control of 

CAR T therapies by thermal targeting. To enable CAR T cells to respond to heat, we 

construct synthetic thermal gene switches that trigger expression of transgenes in response 

to mild elevations in local temperature (40–42 °C) but not to orthogonal cellular stresses 

such as hypoxia. We show that short pulses of heat (15–30 min) lead to more than 60-fold 

increases in gene expression without affecting key T cell functions including proliferation, 

migration, and cytotoxicity. We demonstrate thermal control of broad classes of 

immunostimulatory agents including CARs, Bispecific T cell Engagers (BiTEs), and 

cytokine superagonists to enhance proliferation and cell targeting. In mouse models of 

adoptive transfer, photothermal targeting of intratumoral CAR T cells to control the 

production of an IL-15 superagonist significantly enhances anti-tumor activity and overall 

survival. We envision that thermal targeting could improve the safety and efficacy of next-

generation therapies by allowing remote control of CAR T cell activity.  
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1.10 Introduction 

Engineered T cell therapies such as Chimeric Antigen Receptor (CAR) T cells are 

transforming clinical care for hematological malignancies, spurring numerous efforts to 

expand their use for different cancer types and applications. However, this success has not 

reliably translated to solid tumors197. The factors that contribute to low response rates are 

multifaceted and include the paucity of tumor-specific antigens, inefficient persistence and 

expansion of adoptively transferred T cells, and immunosuppression by the tumor 

microenvironment (TME)198. Promising approaches to improve anti-tumor activity of 

engineered T cells include systemic administration of potent immunostimulatory agents 

such as cytokines, checkpoint blockade inhibitor antibodies, and bispecific T cell engagers 

(BiTEs)77, 199-201. However, these biologics lack specificity, activate both engineered and 

endogenous immune cells, and exhibit toxicity in healthy tissue which limits maximum 

tolerable doses and narrows their therapeutic windows4, 7-9. Thus, expanding current 

abilities to target and locally augment CAR T cell functions at tumor and disease sites such 

as draining lymph nodes could improve the safety and efficacy of cell-based therapies.  

Emerging strategies to control engineered T cells and augment their anti-tumor 

activity include the use of biomaterials to co-deliver adjuvants to the TME as well as 

genetic constructs for autonomous expression of immunostimulatory genes. For example, 

implantation of biopolymer scaffolds loaded with tumor-specific T cells and 

immunostimulatory adjuvants at the surgical site improved postoperative responses 

following primary tumor resection in mouse models106, 107. To provide a localized source 

of adjuvants, T cells tethered on their cell surface to nanoparticle ‘backpacks’ allowed 

infiltrating T cells to carry cargo108 and release a one-time dose of drug within tumors109. 
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Increasingly sophisticated genetic circuitry has also allowed T cells to locally produce 

biologics to overcome immunosuppression or target antigens after tumor infiltration. For 

example, ‘armored CARs’ leverage constitutive expression of biologics such as IL-12121, 

αPD-1 scFvs122, and BiTEs123 to improve anti-tumor activity. T cells have also been 

engineered with sense-and-respond biocircuits that conditionally activate in the presence 

of specific input signals. These strategies include NFAT-inducible cassettes that upregulate 

expression of cytokines following T cell recognition of a tumor-associated antigen124-126. 

To further increase specificity, T cells have been engineered to target unique combinations 

of epitopes expressed in the TME to allow discrimination from healthy cells expressing a 

single epitope128. Such approaches based on Boolean logic require the presence of both 

target antigens for T cell activation to occur and have demonstrated efficacy in multiple 

models of focal tumors129, 130. Collectively, these approaches illustrate the need to develop 

strategies to control and improve intratumoral T cell activity.  

Here we developed a platform for remote thermal control of CAR T cell therapies. 

Heat treatments are used clinically to sensitize cancer cells to chemotherapy, ablate isolated 

metastatic nodules, and enhance diffusion of small molecule drugs into tumors147. Both 

superficial and deep-seeded tumors can be targeted for thermal treatment by platforms 

including high intensity focused ultrasound (HIFU)146, laser interstitial thermal therapy 

(LITT)149, and electromagnetic heating151. To engineer T cells with the ability to respond 

to heat, we constructed and screened panels of synthetic thermal gene switches containing 

combinations of Heat Shock Elements (HSEs) and core promoters to identify an 

architecture that responds to mild hyperthermia while remaining non-responsive to 

orthogonal cell stresses. We designed thermal constructs to control broad classes of 
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immunostimulatory genes including CARs, BiTEs, and a cytokine superagonist to enhance 

key T cell functions including proliferation and T cell targeting. In an adoptive transfer 

model of cancer, remote thermal control of an IL-15 superagonist improved anti-tumor 

CAR T cell activity by reducing tumor burden and improving survival of tumor-bearing 

animals. Remote control of CAR T cells by thermal targeting could improve the precision 

of cellular therapies by enabling site-specific control of anti-tumor responses.  

1.11 Results 

1.11.1 Engineering thermal-specific gene switches 

The cellular response to hyperthermia is mediated by trimerization of the temperature-

sensitive transcription factor Heat Shock Factor 1 (HSF1) and its subsequent binding to 

DNA motifs termed Heat Shock Elements (HSEs). HSEs are comprised of multiple 

inverted repeats of the consensus sequence 5’-nGAAn-3’202, 203 and are arrayed upstream 

of HSPs thereby enabling their upregulation following thermal stress204. The response of 

 

Figure 15: Schematic of Synthetic thermal gene switches. A panel of six constructs 

were cloned comprising 2 to 7 heat shock elements (HSEs) coupled to the HSPB1 

core promoter into Jurkat T cells (labeled 2H-B1 to 7H-B1). Capitalized base pairs 

within HSE were conserved while base pairs indicated as n were randomized to 

facilitate synthesis.  
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endogenous HSP genes is selective, but not specific, for heat as their promoters contain 

additional regulatory elements (e.g., hypoxia response elements205, metal-responsive 

elements206) that mediate transcription following exposure to a diverse set of cues including 

hypoxia207, heavy metals208, and mechanical force209. Moreover, differences in the core 

promoter (e.g., initiator elements, TATA box) influence the composition of the pre-

initiation complex (PIC) and its interactions with transcriptional enhancers including 

HSF1, providing an additional mechanism whereby transcriptional responses to heat are 

regulated differently across tissues and types of cells210, 211. Due to this complexity and 

 

Figure 16: qPCR of screen of HSPs in primary murine T cells. Splenic CD8+ T 

cells were isolated using the CD8+ T cell isolation kit according to (Miltenyi 130-

104-075). 6 hours after indicated heat treatments, mRNA was harvested and 

quantified using the Mouse HSP profiler kit (Qiagen PAMM-076Z) according to 

manufacturer instructions. Data are displayed relative to unheated controls. 
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cross-activation of HSP promoters by non-thermal response pathways, we sought to build 

synthetic gene switches that are activated by heat but not by other sources of stress.  

To design thermal-specific gene switches, we cloned 6 candidate constructs 

comprised of 2 to 7 repeats of the HSE motif 5’-nGAAnnTTCnnGAAn-3’ upstream of the 

Hspb1 core promoter into Jurkat T cells (labeled 2H-B1 to 7H-B1, Figure 15). We initially 

selected the Hspb1 core promoter as its parent gene was one of two that were upregulated 

by more than 20-fold at 42 °C in primary murine T cells in contrast to more than 80 HSP 

and HSP-related genes that did not respond to heat treatment (Figure 16). We reasoned that 

by selecting a core promoter from an endogenous gene with a high thermal response, it 

would facilitate transcriptional activity when integrated with HSE repeats. To quantify 

responses of our thermal switches, transduced Jurkat T cells were transiently heated to 3–

5 °C above body temperature (i.e., 40–42 °C), a mild temperature range in contrast to those 

used for ablative therapies (>50 °C)146. Compared to control samples at 37 °C, we observed 

 

Figure 17: Synthetic thermal gene switches respond to mild hyperthermia. (a) 

Gluc reporter expression by Jurkat T cells following heating as a function of number 

of HSE or (b) temperature (ns = not significant, *P<0.05, **P<0.01, two-way 

ANOVA and Tukey post-test and correction, mean + SEM is depicted, n = 3 

biologically independent wells). Three independent experiments were performed with 

similar results. 
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increased expression of the reporter Gaussia luciferase (Gluc) as the temperature and 

number of HSEs increased (Figure 17a). Constructs containing 5–7 HSE repeats (5H-B1 

to 7H-B1) resulted in significantly higher thermal responses compared to those with 2–4 

HSEs (2H-B1 to 4H-B1) (Figure 17b). Collectively, these data confirmed that our synthetic 

thermal gene switches were heat-sensitive and that the magnitude of the response was 

dependent on HSE number. 

We next tested thermal specificity using hypoxia and heavy metal toxicity as two 

representative non-thermal stresses212-214. As a benchmark, we compared with the 

endogenous HSPA6 promoter, which is a highly stress-inducible HSP promoter215 

previously used for thermal control of gene expression216-219. We tested the gene switches 

by incubating transduced Jurkat T cells with the hypoxia-mimetic agent CoCl2 – a stabilizer 

of the hypoxia response’s master regulator Hypoxia Inducible Factor-1α (Hif-1α)220 – as 

 

Figure 18: Synthetic thermal switches do not respond to orthogonal cellular 

stresses. (a) Activity of synthetic thermal gene switches compared to endogenous 

HSPA6 promoter following exposure to CoCl2 to mimic hypoxia or (b) to CdCl2 to 

model heavy metal toxicity  (ns = not significant, *P<0.05, ****P<0.0001, two-way 

ANOVA and Tukey post-test and correction, mean + SEM is depicted, n = 3 

biologically independent wells). 
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well as the heavy metal complex cadmium chloride (CdCl2). Whereas Jurkat T cells cloned 

with the HSPA6 promoter showed dose-dependent activation by hypoxia (Figure 18a) and 

cadmium toxicity (Figure 18b), T cells transduced with our synthetic gene switches (3H-

B1 to 7H-B1) were not activated and remained statistically identical to untransduced 

(UTD) controls up to concentrations above the ranges commonly used to test cellular 

responses to hypoxia and cadmium220-223 (1000 µM CoCl2 and 500 µM CdCl2) (Figure 18a, 

b). These results confirmed that our synthetic gene switches have increased thermal-

specificity compared to endogenous HSPs and are not cross-activated when exposed to 

non-thermal stresses.  
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To test whether these constructs work in primary human T cells, we transduced T 

cells with the 7H-B1 thermal switch (Figure 19a). Above a threshold temperature of 40 °C, 

we observed thermal switch activation that peaked between 3 to 6 hours after heating but 

was ~40% less responsive compared to the endogenous HSPA6 (Figure 19b-d). Because 

the Hspb1 core promoter was initially selected from a screen of murine T cells, we reasoned 

 

Figure 19: Core promoters tune the activity of synthetic thermal gene switches in 

primary T cells. (a) Schematic for 30 minute thermal treatments of engineered 

primary human T cells at treatments ranging from 37 to 42 °C. (b) Kinetics of Gluc 

reporter expression by primary human T cells following heat treatments at indicated 

temperatures (****P<0.0001, two-way ANOVA and Tukey post-test and correction, 

mean + SEM is depicted, n = 3 biologically independent wells). Two independent 

experiments were performed with similar results. (c) Schematic of core promoter 

screen using 7 HSE repeats. (d) Activity of thermal gene switches containing different 

core promoter constructs following heat treatments in primary human T cells (ns = not 

significant, *P<0.05, one-way ANOVA and Tukey post-test and correction, mean + 

SEM is depicted, n = 3 biologically independent wells). Two independent experiments 

were performed with similar results. 
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that thermal responses in primary human T cells may be further tuned with different core 

promoters. Thus, we compared additional core promoters including ones cloned from the 

HSPA1A gene identified in the qPCR screen (Figure 16), the human HSPA6 gene, and a 

synthetic core promoter (YB) described previously224, 225 (Figure 19c). Consistent with our 

previous observations, we observed negligible activation with heat treatments at 37–40 °C 

for 24 hours across all 4 constructs tested (Figure 20). By contrast, after 30 minutes at 42 

°C, the 7H-YB construct produced the highest Gluc reporter levels while maintaining 

statistically identical basal activity at 37 °C compared to untransduced controls. This 

corresponded to a ~60-fold increase in thermal switch activity compared to ~20-fold 

increases by the endogenous HSPA6 (Figure 19d). On the basis of these data, we selected 

 

Figure 20: Prolonged heat treatments do not trigger thermal switches at lower 

temperatures. Primary human T cells were transduced with the indicated thermal 

gene switches prior to incubation for 24 hours at the displayed temperatures. For 

reference, dashed line indicates switch activity from the 7H-YB switch after a 42 °C 

treatment for 30 minutes (ns = not significant, two-way ANOVA and Tukey post-test 

and correction, error bars show SEM, n = 3 biologically independent wells). Two 

independent experiments were performed with similar results. 
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7H-YB for subsequent experiments due to its improved thermal specificity and high 

thermal response.  

1.11.2 Primary T cells maintain key functions after thermal treatments 

Next, we sought to identify the range of thermal delivery profiles that would be well-

tolerated by primary T cells without affecting key functions including proliferation, 

migration, and cytotoxicity. In thermal medicine, heating target sites to temperatures 

greater than 50 °C is used to locally ablate tissue by inducing tumor cell apoptosis and 

coagulative necrosis146. By contrast, mild hyperthermia therapy (40–42 °C) is used to 

enhance transport of small molecules such as in Hyperthermic Intraperitoneal 

Chemotherapy (HIPEC) where abdominal infusions of heated chemotherapy serve as 

adjuvant treatment following surgical debulking in advanced ovarian cancer patients147, 226, 

227. At temperatures below 45 °C, transient exposure to mild hyperthermia is well-tolerated 

by cells and tissues due to induction of stress-response pathways including HSPs228. In 

addition to temperature range, we also considered T cell responses to continuous and 

fractionated heat treatments. Dose fractionation is a commonly used approach in 

radiotherapy to reduce damage to normal tissues229 while maximizing the effect of 

radiation on cancer. Based on our previous observations that thermal pulse trains increased 

Jurkat T cell tolerance compared to continuous heat treatments with an identical treatment 
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area-under-the-curve (AUC)230, we sought to additionally probe the effect of thermal dose 

fractionation on primary T cells.  

 We first compared pulsed heat treatments at 67% duty cycles comprised of three 

discrete thermal pulses (5 or 10 min each) separated by intervening rest periods at 37 °C 

(2.5 or 5 min each) to their unfractionated counterparts (15 or 30 min continuous heating) 

(Figure 21). Across the conditions tested, we observed significant increases in Gluc 

reporter expression with pulsed heat treatments at 42 (30 min AUC) and 43 °C (15 and 30 

min AUC) by up to ~30% compared to continuous delivery. To assess T cell viability, we 

quantified death (PI) and apoptotic (Annexin V) markers and observed no significant 

difference in viability between unheated, pulsed, and continuously heated samples for up 

to 30 minutes (Figure 22a). By contrast a ~34% reduction in T cell viability was observed 

in positive control samples that were continuously heat treated for 60 minutes. Similar 

 

Figure 21: Pulsed heating regimens increase thermal switch activity in primary T 

cells. Gluc activity of primary human T cells after continuous (light grey) and pulsed 

(dark grey) heat treatments with temperatures, total durations, and heating profiles as 

indicated (ns = not significant, *P<0.05, **P<0.01, ****P<0.0001, two-tailed t-test, 

mean + SEM is depicted, n = 3 biologically independent wells). 
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trends were observed in T cell proliferation assays by dye (CTV) dilution where the percent 

of proliferated T cells following incubation with CD3/28 beads was unaffected by both 

continuous and pulsed heating for 30 minutes at 42 or 43 °C while positive control samples 

that were heated for 60 minutes resulted in reduced T cell proliferation (Figure 22b).  

To probe the effects of thermal treatments on T cell migration, we used transwell 

assays to assess T cell chemotaxis and observed that heat treatments (42 °C for 30 min) did 

not significantly affect T cell migration into lower wells containing the chemokine 

CXCL12 compared to unheated controls whereas T cells heated to 50 °C were affected 

(Figure 23a). To test longitudinal activation, we re-heated T cells over the course of 8 days 

and observed similar increases in GFP mean fluorescent intensity (MFI), as well as GFP 

activation and decay half-lives (t1/2 ~0.5 and 1 day, respectively), suggesting that the 

magnitude and kinetics of T cell responses are unaffected by multiple heat treatments 

 

Figure 22: Continuous heat treatments are well-tolerated by primary human T 

cells. (a) Propidium Iodide (PI) and Annexin V flow staining of CD3+ T cells. Bars 

represent viable populations (PI–Annexin V–) normalized to unheated samples (ns = 

not significant, ****P<0.0001, one-way ANOVA and Dunnett post-test and 

correction, mean + SEM is depicted, n = 3 biologically independent wells). Two 

independent experiments were performed with similar results. (b) CellTrace Violet 

(CTV) flow histograms of T cells after heat treatments and incubation with CD3/28 

beads at a 3:1 bead to T cell ratio. Two independent experiments were performed with 

similar results. 
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(Figure 23b). To quantify the effect of heat on T cell cytotoxicity, we incubated primary 

human T cells expressing an αCD19 CAR under a constitutive EF1α promoter with either 

CD19+ or CD19- K562s containing a luciferase reporter to allow quantification of cell 

death by loss of luminescence (Figure 23c). At all effector to target cell ratios tested (1:1, 

5:1, 10:1), heated T cells maintained greater than 90% of the cytotoxicity observed in 

unheated samples while no significant difference in cytotoxicity was observed in samples 

containing CD19- K562 target cells (Figure 23c). Collectively, these data demonstrate that 

primary human T cells maintain the ability to proliferate, migrate, and kill target cells 

following short heat treatments delivered in continuous or pulsed wave forms for less than 

30 minutes in duration.  

 

Figure 23: T cells maintain critical functions after thermal treatments. (a) 

Number of cells in lower well of a transwell plate containing CXCL12. T cells were 

heated and loaded into the top well prior to sampling at indicated timepoints (ns = not 

significant between 37 °C and 42 °C, two-way ANOVA and Tukey post-test and 

correction, mean + SEM is depicted, n = 3 biologically independent wells). Two 

independent experiments were performed with similar results. (b) Primary human T 

cells transduced with an HSPA6-GFP switch were repeatedly heated once GFP signal 

had returned to baseline after previous heat treatment (n = 3 biologically independent 

wells, error bars show SEM). Two independent experiments were performed with 

similar results. (c) Percent cytotoxicity observed in CD19– or CD19+ luciferized 

K562 cells after incubation with T cells constitutively expressing CARs after heating 

with effector to target ratios as indicated (ns = not significant, *P<0.05, two-way 

ANOVA and Sidak post-test and correction, mean + SEM is depicted, n = 3 

biologically independent wells). Two independent experiments were performed with 

similar results. 
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1.11.3 Thermal control of CAR T cell functions 

The factors that contribute to durable anti-tumor responses include the degree to which key 

steps in the immunity cycle can be effectively directed against tumors3. Here we sought to 

build thermal circuitry to allow control over key CAR T functions including proliferation, 

antigen recognition, and T cell killing. We first explored thermal control of CAR T cell 

killing where the expression of an αCD19 CAR was placed under control of a thermal 

switch (TS-CAR) (Figure 24). Following heat treatment, TS-CAR T cells expressed 

αCD19 CARs to levels comparable to control T cells transduced with a constitutive vector 

(EF1α-CAR) (Figure 25a). To test heat-triggered control of cytotoxicity, we heated TS-

CAR T cells across a range of activation temperatures (40, 41, and 42 °C) and incubated 

them with either CD19– or CD19+ K562 target cells. We observed that intracellular 

Granzyme B levels – a cytotoxic effector molecule released by T cells – increased in 

CD19+ target cells as a function of temperature in contrast to control cells that lacked the 

CAR antigen (Figure 25b). This was further supported by a TS-CAR T cell killing assay 

where we observed significant increases in CD19+ K562 cell death as the effector to target 

cell ratio was increased following thermal treatments at 42 °C (Figure 25c).  

 

Figure 24: Schematic of a heat-inducible TS-CAR and constitutive EF1α CAR 

construct. Constitutive mCherry included in TS-CAR construct as a reporter for 

transduction. 
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We further sought to determine whether thermal control could enhance T cell 

activation and proliferation. To do this, we cloned a single-chain IL-15 superagonist (IL-

15 SA) comprised of the cytokine tethered to the sushi domain of the IL-15Rα subunit231 

under control of our thermal vector (TS-IL15). IL-15 SAs are potent stimulants of CD8 T 

cells and NK cells and a clinical candidate, ALT-803, is currently under investigation for 

a wide range of cancers78, 232. To verify heat-triggered secretion of IL-15 SA, we analyzed 

 

Figure 25: Thermal control of CAR T cell cytotoxicity. (a) CAR flow staining with 

biotinylated CD19 on UTD, constitutive, and TS-CAR T cells. (b) Intracellular 

Granzyme B staining in K562 target cells after incubation with heated TS-CAR T 

cells. K562s lacking CAR antigen graphed in left column while CD19+ K562s are 

displayed in right column. (c) Killing of target CD19+ K562 cells by TS-CAR T cells 

(ns = not significant, *P<0.05, two-way ANOVA and Tukey post-test and correction, 

mean + SEM is depicted, n = 3 biologically independent wells). 

 

 

 

 



 54 

 

Figure 26: Thermal control of T cell proliferation. (a) IL-15 superagonist 

concentrations in supernatant of TS-IL15 T cells following heat treatments. 

Temperature and duration of treatments are as indicated (ns = not significant, 

**P<0.01, ****P<0.0001, two-way ANOVA and Tukey post-test and correction, 

mean + SEM is depicted, n = 3 biologically independent wells, comparisons are to 

unheated control). Two independent experiments were performed with similar results. 

(b) Experimental design for co-culture assay of TS-IL15 cells and CFSE-labeled wild-

type cells. CD3/28 beads were added at 1:10 bead to T cell ratio. (c) Gating strategy 

for mixed proliferation experiment. Transduced TS-15 cells were identified by CAR 

expression. Proliferation of CFSE+ wild-type cells was assessed by dye dilution and 

FlowJo proliferation tool. (d) T cells were labeled with CFSE and incubated with low 

levels of activating beads. For reference, routine expansion and culture of T cells uses 

3 beads for every T cell. Increasing amounts of IL-2 were added to each bead ratio. 

All samples were assayed after 4 day incubations at indicated conditions. Two 

independent experiments were performed with similar results. (e) Representative flow 

histograms and (f) quantified proliferation and division indices as calculated by 

FlowJo proliferation tool of the CFSE-labeled wild-type T cell population (*P<0.05, 

two-tailed t-test, mean + SEM is depicted, n = 3 biologically independent wells). 
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conditioned media by ELISA and found that IL-15 SA levels increased with the duration 

and temperature of thermal treatment (Figure 26a). To test whether heat-induced IL-15 SA 

was functionally active, we developed a T cell proliferation assay using CFSE-labeled 

wild-type T cells incubated with CD3/28 beads at a 10:1 ratio without supplemental 

cytokines. We found that this condition was insufficient to induce T cell proliferation 

compared to conditions when cytokines such as IL-2 was present in media (Figure 26b-d). 

Therefore, to test thermal control of IL-15 SA, we added heated or unheated TS-IL15 T 

cells to samples containing CFSE-labeled wild-type T cells with CD3/28 beads at a 10:1 T 

cell to bead ratio (Figure 26b-d). Compared to unheated controls, we found that CFSE-

labeled T cells in heated samples expanded with significantly higher proliferation and 

 

Figure 27: Targeting NKG2DL+ cells with heat-triggered BiTEs. (a) Schematic 

depicting BiTE-mediated targeting of K562 target cells lacking the CAR target 

antigen via BiTE binding to NKG2DL and CD3. (b) Schematic of TS-BiTE and TS-

Fluc thermal switches containing heat-triggered BiTE or Fluc reporters. Both 

constructs contained constitutive CARs.  
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division indices (Figure 26e, f), demonstrating that TS-IL15 T cells are capable of 

producing physiologically active levels of IL-15 SA following a single thermal treatment.  

Last, we explored thermal control to expand CAR T recognition of tumor-

associated antigens to include NKG2D ligands (NKG2DLs), which are upregulated on a 

wide range of cancers as well as suppressor cells26, 233-235. Targeting NKG2DLs is limited 

by their expression in healthy cells such as intestinal epithelial cells and bone marrow 

stromal cells25. To enable thermal control of CAR T cells to target NKG2DL+ cells, we 

cloned a previously described NKG2DL-BiTE containing CD3-recognition domains from 

the OKT3 antibody linked to the extracellular domain of the human NKG2D receptor235. 

Our vector (TS-BiTE) included an Igκ leader sequence for BiTE secretion, a HisTag 

 

Figure 28: Detection of BiTEs and targeted NKG2DLs. (a) Histograms for HisTag 

flow staining in TS-BiTE and TS-Fluc primary T cells following heating. (b) 

NKG2DL flow staining on primary human T cells and K562s using an NKG2D-Fc 

chimera and an αFc-A488 secondary antibody. Stain = full staining, 2° Ctrl = 

secondary antibody only.  
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reporter, and a constitutive αCD19 CAR (Figure 27a, b). After heat treatment, we observed 

that TS-BiTE T cells were stained positively on the cell surface by anti-HisTag antibodies 

compared to control cells transduced with a Fluc reporter vector (TS-Fluc) (Figure 28a). 

Based on this, we postulated that T cells would activate by local BiTE binding to CD3 

expressed by the same T cell (i.e., autocrine activation) before additional BiTEs would 

 

Figure 29: TS-BiTE T cells primarily activate via paracrine pathways. (a) Flow 

gating strategy for defining bystander cells based on CD19 CAR expression in Jurkat 

co-culture assays with K562s. UTD controls were gated on the lower (CAR-) 

population for graphing in (c). (b) Flow staining of CD69 on Jurkat T cells following 

heating and incubation with K562s. TS-BiTE CAR+ histograms (b) and summary 

data of indicated populations (c) are graphed (stats show comparison to UTD, ns = not 

significant, **P<0.01, ****P<0.0001, two-way ANOVA and Tukey post-test and 

correction, mean + SEM is depicted, n = 3 biologically independent wells). Two 

independent experiments were performed with similar results.  
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engage bystander T cells (i.e., paracrine activation). To test this, we heated a mixture of 

TS-BiTE transduced Jurkat T cells (i.e., CAR+) with untransduced cells (i.e., CAR-) as 

bystanders prior to co-incubation with NKG2DL+ CD19- K562 target cells (Figure 28b, 

Figure 29a). This experimental setup allowed us to isolate T cell activation based on BiTE 

engagement without confounding factors due to CD19 CAR binding. We found that 

expression of the early activation marker CD69 on TS-BiTE Jurkat T cells was 

significantly upregulated compared to bystander cells as heating durations were extended 

(red versus black) (Figure 29b, c). By contrast, CD69 was minimally upregulated on 

bystander cells compared to untransduced (UTD) Jurkat T cells that were incubated with 

K562 cells and heated in separate wells as controls (black versus gray). These data provided 

support that TS-BiTE T cells are primarily activated to target NKG2D ligands in an 

 

Figure 30: Heat-triggered BiTEs control cytokine release and cytotoxicity. (a) 

Cytokine concentrations in supernatant of primary human T cells after heat treatments 

and incubation with K562 cells. T cells were either untransduced or transduced with 

the indicated thermal switches (ns = not significant, ****P<0.0001, two-way 

ANOVA and Tukey post-test and correction, mean + SEM is depicted, n = 3 

biologically independent wells). (b) Cytotoxicity against K562s as quantified by 

luciferase assay after incubation with primary human T cells. T cells were either 

untransduced or transduced with the indicated thermal switches (ns = not significant, 

**P<0.01, ****P<0.0001, two-way ANOVA and Tukey post-test and correction, 

comparisons are to UTD control, mean + SEM is depicted, n = 3 biologically 

independent wells). 
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autocrine path. Finally, to quantify cytotoxicity from heat-triggered expression of BiTEs, 

we co-incubated primary human TS-BiTE T cells with NKG2DL+ CD19- K562 cells. In 

contrast to untransduced or TS-Fluc controls, TS-BiTE T cells secreted increasing levels 

of Th1 cytokines IFN-γ and TNF-α as temperatures were raised from 37 to 42 °C (Figure 

30a). We also observed temperature-dependent increases in K562 cytotoxicity but not at 

37 °C compared to UTD controls, demonstrating lack of BiTE-induced killing at basal 

temperatures (Figure 30b). Taken together, our data showed that thermal control can be 

extended to broad classes of immunomodulatory molecules to direct CAR T cell functions 

including proliferation, targeting, and cytotoxicity.  

1.11.4 Photothermal targeting of CAR T cells enhances anti-tumor therapy 

We next sought to determine whether thermal control of CAR T cells would enhance 

efficacy of adoptive therapies. To locally heat tumors, we used plasmonic gold nanorods 

(AuNRs) as antennas to convert incident near infra-red (NIR) light (~650-900 nm) into 

heat171. PEG-coated AuNRs are well-studied nanomaterials with long circulation times that 

 

Figure 31: Photothermal control of engineered T cell activity. Thermal and 

luminescent images of wells containing TS-Fluc T cells after irradiation with NIR 

laser light. Thermal images (left) were acquired using a FLIR thermal camera while 

luminescent images (right) were acquired using an IVIS spectrum CT system.  
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passively accumulate in tumors following intravenous administration184, 236. To confirm 

photothermal heating and thermal switch activation, primary T cells transduced with TS-

Fluc were co-incubated with AuNRs in 96-well plates and irradiated with 808 nm laser 

light. In wells that reached 40–45 °C as monitored by a thermal camera, we observed a 

marked increase in luminescent signals when TS-Fluc T cells were present but not in wells 

containing untransduced controls (Figure 31), confirming plasmonic photothermal control 

of engineered T cells.  

To implement photothermal targeting in living mice, we inoculated NSG mice with 

bilateral flank tumors with one cohort receiving CD19– K562 cells and a separate cohort 

receiving CD19+ Raji cells to model CAR antigen positive and negative tumors (Figure 32 

and Figure 33a). Following intravenous injection of AuNRs and adoptive transfer of T cells 

with constitutively expressed αCD19 CAR and thermal Fluc (TS-Fluc vector), we 

irradiated tumors with NIR laser light under the guidance of a thermal camera (Figure 33b) 

to maintain target skin temperatures (Figure 33c). After 20-minute heat treatments, 

luminescence was contained within Raji tumors receiving NIR light with Fluc activity 

upregulated greater than 30-fold at these sites compared to unheated Raji tumors in the 

 

Figure 32: CAR antigen expression on cell lines. CD19 flow staining on K562 and 

Raji cell lines used for tumor inoculations, Iso = isotype control. 

 

 

CD19 flow staining on K562 and Raji cell lines used for tumor inoculations, Iso = 

isotype control. 
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same animal (Figure 33d). Similar to in vitro experiments, CAR T cells could be repeatedly 

 

Figure 33: Remote control of intratumoral T cell activity. (a) Schematic for 

experimental timeline where both flanks of each mouse were inoculated with the 

same cell line. TS-Fluc T cells were transferred via intravenous tail-vein injections 

and only one side of the mouse was heated. (b) Serial thermal images of tumor-

bearing mouse during laser irradiation to heat tumor site. Timepoints are as indicated. 

(c) Thermal kinetic traces (colored lines) show average skin temperature of a 3 x 3 

pixel ROI centered on laser site. Shaded regions around traces show standard 

deviation of 3 heating runs on a representative mouse that did not receive engineered 

T cells. (d) Left: Luminescent images of heated mice bearing either K562 (CD19-) or 

Raji (CD19+) tumors. Signal indicates luciferase activity by transferred TS-Fluc T 

cells. Right: Luminescence of each tumor site relative to the luminescence from the 

unheated tumor in the same animal. ROI’s were drawn as indicated in left panel (n = 

2-3 biologically independent mice).  
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activated in Raji tumors (Figure 34a) but by contrast, we did not observe increased activity 

within antigen-negative K562 tumors following NIR heating (Figure 33d). We attributed 

this lack of heat-induced activity to the greater than 20-fold lower density of intratumoral 

CAR T cells in resected K562 tumors that lack the CD19 CAR antigen (Figure 34b). 

Collectively these data demonstrate that the activity of intratumoral T cells engineered with 

thermal gene switches can be controlled by localized photothermal heating.  

To augment CAR T cell therapies by thermal targeting, we adoptively transferred T 

cells transduced with TS-IL15 vector into NSG mice bearing CD19+ K562 tumors to allow 

thermal control of the single-chain IL-15 superagonist by cells constitutively expressing an 

αCD19 CAR (Figure 35a). Photothermal heating of tumors was then carried out every 3-4 

days (Days 11, 15, 18, 22, and 25) for a total of five treatments (Figure 35b). Compared to 

 

Figure 34: Repeated photothermal heating and TIL quantification. (a) Mice 

bearing Raji tumors (CD19+) were injected i.v. with TS-Fluc T cells. Tumor sites 

were irradiated on days 2 and 4 using NIR laser light as shown in Figure 24b. 

Luminescence was quantified daily via i.v. injections of D-luciferin (n = 3, 

biologically independent wells, error bars show SEM). (b) Mice bearing Raji tumors 

(CD19+) were injected i.v. with TS-Fluc T cells. Tumor sites were irradiated on days 

2 and 4 using NIR laser light. Luminescence was quantified daily via i.v. injections of 

D-luciferin (n = 3, biologically independent wells, error bars show SEM). 
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control mice that did not receive CAR T cells or heat treatments (black), thermal treatment of 

tumor sites alone did not lead to reduction in tumor burden or improvement in survival 

 

Figure 35: Photothermal targeting of CAR T cells improves anti-tumor 

responses. (a)  Genetic circuit for TS-IL15 T cells containing a heat-triggered IL-15 

superagonist (SA) and a constitutive αCD19 CAR. (b) Experimental timeline 

depicting days of inoculation, transfer, and NIR heat treatments during adoptive 

transfer experiment. (c) Representative pictures of mice bearing CD19+ K562 tumors 

on Day 25. Three independent experiments were performed with similar results. (d) 

Tumor growth curves following inoculation of CD19+ K562 T cells on Day 0, 

transfer of TS-IL15 T cells on Day 9 and heat treatments on Days 11, 15, 18, 22, and 

25 (ns = not significant, ***P<0.001, two-way ANOVA and Tukey post-test and 

correction, mean + SEM is depicted, n = 7 biologically independent mice). Three 

independent experiments were performed with similar results. (e) Survival curves of 

tumor-bearing mice in (d) and (h) following transfer of TS-15 T cells and heat 

treatments (**p < .01, Log-rank (Mantel-Cox) test, n = 7 biologically independent 

mice). Three independent experiments were performed with similar results. 

 



 64 

(gray) (Figure 35c-e). Transfer of TS-IL-15 CAR T cells alone significantly reduced tumor 

burden and improved survival (blue) yet greater than 70% (5/7) of animals reached 

euthanasia criteria within 38 days of ACT. By contrast, ACT of TS-IL15 CAR T cells 

combined with NIR treatments markedly reduced tumor burden and no animals reached 

euthanasia criteria within the time window of the study. Together, these data demonstrated 

that thermal targeting of tumors to control CAR T cell production of an IL-15 superagonist 

significantly improved tumor control and therapeutic outcomes.  

1.12 Discussion 

Here we developed a platform for remote thermal control of T cell activity. Remote control 

of T cells by small-molecules or light140, 237 either require systemic administration or are 

limited by light penetration through tissue. By contrast, thermal targeting of tissues can be 

accomplished by several platforms146 including focused ultrasound, which was recently 

demonstrated for control of T cell gene expression238 or thermal control of bacteria 

engineered with temperature-sensitive repressors152. To provide T cells the capacity to 

respond to heat, we designed synthetic thermal gene switches comprised of arrays of heat 

shock elements upstream of a core promoter. This architecture eliminated sensitivity to 

non-thermal stresses such as hypoxia and its thermal response was tunable based on the 

number of HSEs or different core promoters. While we tested constructs containing up to 

7 HSEs paired with 4 core promoters, future work could explore a larger library of building 

parts including temperature-sensitive transcription factors such as HSF1 to tune response 

to heat. Importantly, we observed negligible activation of our thermal gene switches at 

temperatures ≤ 40 °C even when T cells were incubated for over 24 hours. This provides 

support that the temperature threshold for activation is higher than the range of typical 
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fevers (~38-40 °C)239-241 in patients with cytokine release syndrome (CRS), which would 

prevent T cell activation without a targeted thermal input. Despite this, we envision that 

the development of future thermal gene switches with lower temperature activation 

thresholds may be useful as a sense-and-respond circuit to autonomously detect fever 

temperatures and trigger expression of therapeutic agents such as tocilizumab to attenuate 

CRS.  

With our current platform, we demonstrated thermal control of T cell activity using 

several classes of immunostimulatory genes including CARs, BiTEs, and cytokines. 

Engineered T cells that constitutively express similar classes of molecules have 

demonstrated strong anti-tumor efficacy but their therapeutic applications are limited by 

off-tumor effects and toxicities in healthy tissues197, 198. Thus, targeted expression of these 

genes within tumors could potentially contain potent T cell activity within the local TME 

and improve therapeutic outcomes. Given that the classes of molecules we studied included 

surface receptors, secreted cytokines, and bi-specific T cell engagers, we expect that a wide 

range of biologics are amenable for thermal control without potential loss of function due 

to protein misfolding or aggregation in T cells by heat stress. In the future, we anticipate 

that thermal targeting may have clinical use to treat cancer types that present as primary 

tumors with limited metastasis such as glioblastoma (GBM) or manage locally 

disseminated disease such as liver, lung, or brain oligometastases that are currently treated 

by surgical resection or ablation. 

1.13 Methods 
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Plasmid construction. Synthetic thermal switches were produced as gene blocks by IDT 

and cloned into the Lego-C backbone (Addgene plasmid #27348). The core promoters were 

truncated immediately upstream of their previously described TATA boxes at their 5’-

termini and at their translational start site on their 3’-termini 182, 242, 243. The genomic 

HSPA6 promoter was amplified from genomic DNA using PCR primers listed in a 

previous publication230. The NKG2DL BiTE sequence was described previously235 and 

modified to include an Igκ leader sequence to facilitate secretion from T cells as well as a 

HisTag for construct detection. This combined sequence was synthesized (ATUM) and 

cloned downstream of synthetic thermal gene switches. The IL-15 superagonist sequence 

was described previously231 and synthesized by ATUM without modification. The 

constitutive αCD19 CAR was kindly provided by Dr. Krishnendu Roy (Georgia Institute 

of Technology). All unique materials can be made available by the corresponding author 

on reasonable request. 

Culture of primary human T cells and cell lines. CD19+ K562 (acquired from Dr. Yvonne 

Chen) and wild-type K562s (acquired from Dr. Krishnendu Roy) were cultured in 

Isocove’s Modified Dulbecco’s Medium (ThermoFisher #12440053) supplemented with 

10% FBS (Fisher #16140071) and 10 U/ml Penicillin-Streptomycin (Life Technologies 

#15140-122). Raji cells were obtained from Dr. Krishnendu Roy and cultured in RPMI-

1640 media supplemented with 10% FBS. Primary Human CD3+ cells were obtained from 

an anonymous donor blood after apheresis (AllCells) and were cryopreserved in 90% FBS 

and 10% DMSO until subsequent use. After thawing, cells were cultured in human T cell 

media comprised of X-VIVO 10 (Lonza #04-380Q), 5% human AB serum (Valley 

Biomedical #HP1022), 10 mM N-acetyl L-Cysteine (Sigma #A9165), and 55 µM 2-
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mercaptoethanol (Sigma #M3148-100ML) supplemented with 50 units/ mL human IL-2 

(Sigma #11147528001).  

Lentiviral production and primary cell transduction. VSV-G pseudotyped lentivirus was 

produced via transfection of HEK 293T cells (ATCC) using psPAX2 (Addgene #12260) 

and pMD2.G (Addgene #12259); viral supernatant was concentrated using PEG-it virus 

precipitation solution (System Biosciences LV825A-1) according to manufacturer 

instructions. For viral transductions, primary human T cells were thawed, incubated for 24 

hours, and activated with Human T-Activator Dynabeads (Life Technologies #11131D) at 

a 3:1 bead:cell ratio for 24 hours. To transduce the activated T cells, concentrated lentivirus 

was added to non-TC treated 6-well plates which were coated with retronectin (Takara 

#T100B) according to manufacturer’s instructions and spun at 1200 x g for 90 min at room 

temperature. Following centrifugation, viral solution was aspirated and 2 mL of human T 

cells (250,000 cells / mL) in human T cell media containing 100 units / mL hIL-2 were 

added and spun at 1200 x g for 60 min at 37 °C and moved to an incubator. Cells were 

incubated on a virus-coated plate for 24 hours prior to expansion and Dynabeads were 

removed 7 days after T cell activation. For cells flow-sorted prior to adoptive cell transfer, 

Dynabeads were added immediately after sorting at 3:1 ratios for 48 hours.   

Staining and flow cytometry. To detect CAR expression, biotinylated CD19 (10 µg / mL; 

Acro Biosystems #CD9-H8259) and Streptavidin-APC (ThermoFisher #S868) were used 

according to manufacturer instructions. NKG2DL expression was assessed by staining 

with NKG2D-Fc chimera (10 µg / mL; Fisher 1299NK050) followed by an αFc secondary 

stain (Invitrogen #A-10631). NIR Live/Dead (ThermoFisher #L34976), CFSE (LifeTech 

#C34554) and CellTrace Violet (CTV; LifeTech #C34557) were used according to 
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manufacturer instructions. Human Fc block (BD #564220) was used prior to staining with 

any antibodies. For intracellular staining for Granzyme B, intracellular fixation and 

permeabilization buffers (eBioscience #88-8823-88) were used according to manufacturer 

instructions with Brefeldin A being added ~4 hours prior to staining. Antibodies for 

Granzyme B (GB12; ThermoFisher), CD69 (FN50; BD), CD4 (RPA-T4; BioLegend); 

CD8 (RPA-T8; BioLegend), CD3 (UCHT1; BD), CD45 (HI30; BD), CD19 (HIB19; 

BioLegend), and HisTags (4E3D10H2/E3; ThermoFisher) were all used at 1:100 dilutions.  

In vitro luciferase and thermotolerance assays. Primary human T cells were heated in a 

thermal cycler and transferred to culture plates for incubation at 37 °C. Unless otherwise 

noted, cellular supernatant was sampled for luciferase activity 24 hours after conclusion of 

thermal treatment. Non-thermal treatments were conducted by incubating engineered cells 

at indicated concentrations of CoCl2 (Sigma #232696-5G) or CdCl2 (Sigma #202908). 

When indicated, luminescence was compared to a ladder of recombinant Gaussia 

Luciferase (NanoLight #321-500) quantified using a Gaussia Luciferase Glow Assay Kit 

(ThermoFisher #16161) according to manufacturer’s instructions. For viability and 

proliferation studies, primary human T cells were heated in the thermal cycler prior to 

assaying with an apoptosis detection kit (BD # 556547) or CellTrace Violet (Fisher # 

C34571). Viability was assessed 24 hours after heating. For migration studies, wild-type 

cells were added to the top insert of a transwell plate (Sigma #CLS3421) while CXCL12 

(50 ng / mL, Peprotech #300-28A) was added to the lower chamber. Cells in lower chamber 

were counted by hemocytometer at indicated times.  

Cytotoxicity and T cell activation assays. For cytometric analysis, TS-CAR T cells were 

heated in a thermal cycler and co-incubated with K562 target cells at a 10:1 effector cell to 
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target cell ratio for 24 hrs prior to staining as described above. For luciferase-based assays, 

K562s were luciferized with either Firefly luciferase (CD19+) or Renilla luciferase (CD19-

) and incubated with effector cells after heating. Unless otherwise noted, a 10:1 effector to 

target ratio was used. After incubation, either D-luciferin (Fisher #LUCK-2G; 150 µg / mL 

read concentration) or Rluc substrate (VWR # PAP1232; 17 µM read concentration). 

Maximum cytotoxicity was defined as luminescent signal from wells containing only 

media while no cytotoxicity was defined by wells containing only target cells. Supernatant 

was collected after incubation and assayed for cytokines using the human Th1/Th2/Th17 

CBA kit (BD # 560484). IL-15 superagonist was quantified using the human IL-15/IL-15R 

alpha complex DuoSet ELISA (R&D Systems DY6924). For BiTE experiments with 

primary human T cells, two heat treatments (42 °C, 30 minutes) separated by 6 hours were 

applied to T cells prior to incubation with target cells.  

IL-15 superagonist Dynabead experiment: Wild-type primary human T cells were labeled 

with CFSE and incubated with either heated or unheated TS-IL15 cells. Beads were added 

at a 10:1 T cell to bead ratio that was determined not to induce strong proliferation in 

untransduced T cells without cytokine support. CFSE labeling allowed discrimination from 

TS-IL15 cells (Figure 26c, d) and proliferation and division indices were calculated in 

FlowJo using the Proliferation tool.  

Animals: Eight- to sixteen-week old female NSG mice were used for all in vivo 

experiments. Mice were bred and housed in the Georgia Tech Physiological Research 

Laboratory (GT PRL) prior to start of experiments. All animal protocols were approved by 

Georgia Tech IACUC (protocols no. A100190 and 100191). All authors have complied 

with relevant ethical regulations while conducting this study.  
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Photothermal heating and in vivo bioluminescence imaging: AuNRs were purchased from 

Nanopartz (# A12-10-808-CTAB-500) and pegylated (Laysam Bio # #MPEG-SH-5000-

5g) to replace the CTAB coating. These AuNRs were intravenously injected into tumor-

bearing mice (10 mg / kg) ~48 hrs before adoptive transfer of T cells. Mice were 

anesthetized with isoflurane gas, and target sites were irradiated using an 808 nm laser 

(Coherent) under guidance of a thermal camera (FLIR model 450sc). Fluc activity was 

measured using an IVIS Spectrum CT (Perkin Elmer) ~5 minutes after intravenous 

injections of D-luciferin (Fisher #LUCK-2G). 

Adoptive cell transfer (ACT) experiments: NSG mice were inoculated subcutaneously with 

5 x 106 Raji or K562 cell lines after the site was shaved and sterilized using an isopropyl 

wipe (GT PRL). ~48 hrs prior to adoptive transfer of human T cells, pegylated AuNRs 

were injected intravenously via tail vein. Once tumors had reached ~100-150 mm3, 1.5 x 

106 CAR+ primary human T cells were injected via tail vein in 200 µL of sterile saline. 

Cells were transduced and sorted based on CD19 CAR expression prior to transfer as 

described above. After >24 hrs, photothermal heat treatments were administered and 

monitored as described above. Tumors were measured using digital calipers and volume 

calculated based on the equation length x width x depth x 0.52. Mice were euthanized when 

tumor volume exceeded 1500 mm3.  

Software and Statistical Analysis. All results are presented as mean, and error bars depict 

SEM. Statistical analysis was performed using GraphPad Prism statistical software. For all 

graphs, * p <0.05, ** p <0.01, *** p<0.001, **** p<0.0001, ns = not significant. Flow 

cytometry data were analyzed using FlowJo X (FlowJo, LLC). In vitro luminescent data 

were collected with Gen5 2.07 (Biotek). In vivo luminescence data were collected and 
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analyzed with Living Image 4.4.5 (PerkinElmer). Flow-cytometry data were collected with 

BD FACSDIVA v8 (BD Biosciences). Thermal imaging data were acquired and analyzed 

using Research IR Max (FLIR). Figures were designed in Adobe Illustrator.  
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CONCLUSIONS 

1.14 Summary of advancements 

The emerging field of cellular therapies is rapidly developing new control mechanisms that 

allow engineered T cells to respond to various stimuli including the presence of target 

antigens or small-molecule agents197. Engineered sensitivity to these biochemical cues has 

enhanced the specificity of anti-tumor responses and improved control of in vivo immune 

activity motivating hundreds of clinical trials which are translating these advances into the 

clinic. As the field continues to mature, new strategies are expanding the clinical toolkit to 

complement its existing strengths. In this context, the capacity to target engineered T cell 

activity to tumors based on their spatial location would reduce off-tumor effects that limit 

the safety and efficacy of current T cell therapies.   

As a remote trigger that can be localized to tumors, heat represents a physical cue 

that can be generated using platforms such as LITT, FUS, and RFA146. While these 

platforms are intended to ablate tumors, transient exposure to hyperthermia is well-

tolerated by disease and normal tissues alike due to the cellular heat shock response. The 

platform described here re-engineers T cell heat shock responses to enhance the activity of 

therapeutic T cells through the heat-induced expression of immunostimulatory genes 

including Chimeric Antigen Receptors (CARs), cytokine superagonists, and Bispecific T 

cell Engagers (BiTEs). These results illustrate that a wide range of biological drugs and 

cellular processes are amenable for thermal control including T cell effector functions such 

as proliferation, recognition of target cells, and cytotoxicity. Thus, localized thermal 

treatments, in conjunction with adoptive transfer of T cells engineered with synthetic 
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thermal gene switches, could trigger emergent immune cell activity in an otherwise 

immunosuppressive TME while attenuating concerns of off-tumor toxicity. 

Because prolonged exposure to hyperthermia can result in low cell viability, we 

explored non-continuous heating regimens inspired by the concept of dose fractionation in 

radiation oncology to improve thermal tolerance of heated cells. In Jurkat T cells, we 

observed that pulsed heat treatments, in comparison to continuous treatments with identical 

AUCs, increased the viability and switch activity of engineered cells following thermal 

treatments. Although continuous heat treatments were well-tolerated by primary human T 

cells under the conditions tested here, pulsed treatments could be explored in the future to 

further enhance switch activity and thermal tolerance of primary human T cells. Ultimately, 

optimal heating regimens, either continuous or pulsed, should allow sustained, longitudinal 

control over engineered T cell activity at a tumor site.  

We also constructed synthetic thermal gene switches characterized by improved 

thermal specificity and high on-off ratios compared to endogenous heat shock promoters. 

Because endogenous heat shock promoters respond to diverse non-thermal inputs such as 

hypoxia or heavy metals155, 156, we screened panels of synthetic thermal gene switches 

containing combinations of Heat Shock Elements (HSEs) and core promoters. In doing so, 

we identified a synthetic architecture with superior activation characteristics compared to 

endogenous heat shock promoters which eliminated sensitivity to non-thermal stresses. 

These synthetic thermal gene switches are therefore leading candidates for future 

applications using thermal control platforms. In the future, we envision that such platforms 

could improve the clinical treatment of tumors primarily treated with surgical resection or 
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ablation of focal lesions such as primary GBM tumors as well as regionally disseminated 

oligometastases in the brain, liver, or lungs.  

1.15 Future directions of the technology 

Given that this work presents a platform technology, there are numerous applications that 

could be explored in the future. A few potential applications include:   

1.15.1 Fever-induced switch activity  

Because fever often presents with clinical CRS240, 241, synthetic thermal gene switches 

triggered by fever-range temperatures (up to ~40 °C) would respond to endogenous 

hyperthermic cues at the onset of a pathological state. Because these cues are not localized 

to a particular site, synthetic thermal gene switch design could be adapted to this new 

trigger to enhance treatment outcomes. For example, the fever-range temperatures could 

trigger the synthesis of anti-inflammatory biologics such as the IL-6 blocking antibody 

tocilizumab which is currently administered to treat CRS. This strategy would generate an 

autonomous thermal control mechanism that could help improve the safety profile of 

existing CAR T cell therapies. Although we did not observe strong activation of our 

synthetic thermal gene switches below 40 °C even when the heat treatment was maintained 

for 24 hours (Figure 20), alternative switch architectures could tune this activation 

threshold to fever ranges. For example, different core promoters or response elements 

could be incorporated to allow differential regulation of switch transcriptional activity. 

Additionally, engineering the heat-sensitive domains of the HSF1 transcription factor 

could also modulate its activation characteristics under hyperthermic conditions190, 244. By 
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screening construct libraries for heat-induced activity in Jurkat T cells, candidate synthetic 

thermal gene switches could be identified prior to validation in primary T cells.  

1.15.2 Heat-triggered chemotaxis to a targeted site 

The synthetic thermal gene switches described here incorporated immunostimulatory 

genes designed to enhance the proliferation and cytotoxicity of T cells already within a 

heated tumor. However, augmenting chemotaxis to a heated tumor could also improve anti-

tumor immune responses by recruiting effector populations or APCs to the site. This effect 

could be induced by incorporating chemokines such as CXCL12 or MIP3α into synthetic 

thermal gene switches to attract additional T cells or DCs to the heated tumor after infusion 

of engineered T cells. Because the concentration gradient of the heat-triggered chemokines 

would be highest at the tumor, this process could preferentially increase tumor infiltration 

of desired cell populations that propagate anti-tumor responses. If the heat-attracted cells 

were DCs for example, this process could enhance the presentation of antigens found 

within the heated tumor and potentially accelerate epitope spreading for TAAs.  

1.15.3 Expanding T cell specificity in vivo 

One challenge facing cellular therapies is the heterogeneous expression of TAAs by cancer 

cells and outgrowth of malignant cells lacking the target antigens197. Furthermore, non-

malignant cells in the tumor microenvironment such as tumor-associated macrophages 

(TAMs) and myeloid derived suppressor cells (MDSCs) contribute to disease progression 

yet do not express markers that readily differentiate them from healthy cells. Thus, locally 

broadening the pool of target antigens recognized by engineered T cells in the TME could 

improve treatment outcomes without promoting cytotoxicity of normal tissues expressing 
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these same target antigens. To expand the range of cells that could be targeted by 

engineered T cells in the TME while still maintaining tolerance of the same antigens in 

healthy tissues, heat-triggered expression of BiTEs or CARs could be contained within a 

heated tumor. We have already performed preliminary experiments towards this end by 

demonstrating that in vitro differentiated MDSCs can be targeted using NKG2DL BiTEs 

based on their expression of the cognate ligands (Appendix A.4). Subsequent experiments 

could incorporate these cells into in vivo models to recapitulate immunosuppressive niches 

found within patient tumors. 
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APPENDIX A. SUPPORTING INFORMATION 

  

A.1  Bolus injections of IL-2 augment adoptive transfer in immunocompetent mice 

To establish a model for adoptive transfer of T cells that recognize tumor-associated 

antigens, we performed exploratory studies in a syngeneic model using B16-F10 melanoma 

in C56BL/6J mice. ACT in such models incorporate lymphodepletion regimens to clear 

 

Figure 36: IL-2 augments adoptive transfer of Pmel T cells. (a) Experimental 

timeline depicting days of inoculation, lymphodepletive irradiation, adoptive transfer, 

and IL-2 injections. (b) Tumor growth curves following transfer of 105 Pmel CD8+ T 

cells (ns = not significant, *P>0.05, **P<0.01, ***P<0.001, two-way ANOVA and 

Tukey post-test and correction, mean + SEM is depicted, n = 5 biologically 

independent mice). (c) Survival curves of tumor-bearing mice in (b) following 

transfer of Pmel CD8+ T cells (*p < .01, Log-rank (Mantel-Cox) test, n = 5 

biologically independent mice).  
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space in the lymphatic compartment and reduce the numbers of cells that compete for 

homeostatic cytokines which support the transferred cells245. Thus, we irradiated all tumor-

bearing mice with 5 Gy of total body irradiation prior to infusion of transgenic Pmel CD8+ 

T cells which recognize a fragment of the gp100 molecule in the context of H2-Db MHC-

I molecules246, 247. To identify the minimum amount IL-2 required to sustain these 

transferred cells after infusion, we conducted dose-escalation experiments in which we 

systemically injected different doses of IL-2 following intravenous ACT (Figure 36a). 

Following this protocol, mice receiving six injections of 2.2 x 103 and 2.2 x 105
 IU of 

recombinant human IL-2 (PeproTech # 200-02) exhibited significantly reduced tumor 

burden and prolonged survival compared to mice receiving control injections of sterile 

saline (Figure 36). Future studies seeking to characterize synthetic thermal gene switch 

activity within an immunocompetent model may follow similar protocols modified to 

incorporate ex vivo transduction of the transferred cells. In this manner, the activity of 

lymphocyte populations observed in patient tumors (e.g. Tregs which are missing in NSG 

mice) could be more fully elucidated in the context of ACT experiments. 
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A.2 Endogenous switch activity in primary murine T cells 

In Chapter 3, we describe a qPCR screen in primary murine T cells which identified several 

genes that were transcriptionally upregulated following heat treatment (Figure 16). In 

addition to using the core promoters of these genes to construct synthetic thermal gene 

switches (Figure 19c, d), we also tested the genomic promoters to evaluate their potential 

as thermal gene switches in primary murine T cells. After harvesting primary murine T 

cells and transducing them with constructs containing HSPA1A, HSPA1B, HSPA6, and 

HSPB1 promoters, we heated the cells and assayed switch activity by expression of a GFP 

reporter linked to the promoters. Although samples containing the HSPA1A and HSPA1B 

switches exhibited increases in switch activity following heating, we also observed 

populations characterized by higher basal activity at 37 °C compared to the HSPA6 or 

HSPB1 samples (Figure 37). To better characterize this heterogeneous switch activity, we 

sorted cells transduced with an HSPA1B switch into four different populations based on 

their switch activity and transduction level as quantified by mCherry expression (Figure 

38a, b). Surprisingly, cells which only weakly expressed the mCherry transduction marker 

(Population 3) displayed the highest fold-increases in Gluc activity following heating 

compared to unheated cells (>25-fold increases at 42 °C). These increases were larger than 

those observed in cells with higher mCherry expression but similar thermal switch activity 

at sorting (Population 1). Additionally, cells which did not express the transduction marker, 

yet displayed slightly elevated switch activity (Population 4) exhibited the strongest 

reporter activity following heating. Notably, none of the populations exhibited >3.5-fold 

increases at 40 °C (Figure 38c). These data underscore the need to better understand the 
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effects of viral transductions on bulk populations of primary T cells as these heterogeneous 

behaviors would likely influence in vivo activity. Factors such as number of integrations, 

integration sites, and changes in the epigenetic landscape of these sites may all play 

important roles in determining thermal switch responses and represent potential areas for 

future investigation.  

 

 

Figure 37: Thermal switch activity in primary murine T cells. GFP expression in 

primary murine T cells following transduction with endogenous thermal switches and 

heat treatment.  
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Figure 38: Heterogeneous switch activity in primary murine T cells. (a) Genetic 

circuit containing the endogenous HSPA1B promoter and a constitutive mCherry 

reporter. (b) Fluorescent activity of HSPA1B switch (GFP) and constitutive promoter 

(Ef1α) in primary murine T cells following transduction. (c) Gluc activity of sorted 

populations following indicated heat treatments (mean + SEM is depicted, n = 3 

biologically independent wells).  
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A.3 Thermal tolerance of primary murine T cells 

To assess the thermal tolerance of primary murine T cells, lymphocytes were harvested 

from Pmel mice (Jackson Labs #005023) prior to negative selection of T cells using a T 

 

Figure 39: Thermal tolerance of primary murine T cells. (a) CellTrace Violet 

(CTV) flow cytometry stains of Pmel T cells, 7 days after incubation with CD3/CD28 

antibodies, with quantification, (****P<0.0001, one-way ANOVA and Tukey post-

test and correction, mean + SEM is depicted, n = 3 biologically independent wells). 

(b) Granzyme B concentration in supernatant of co-culture killing assay as quantified 

by ELISA (ns = not significant, one-way ANOVA and Tukey post-test and correction, 

mean + SEM is depicted, n = 3 biologically independent wells). (c) Viability of T 

cells as quantified by flow cytometry staining of Propidium Iodide and Annexin V 

and normalized to unheated controls (ns = not significant, one-way ANOVA and 

Tukey post-test and correction, mean + SEM is depicted, n = 3 biologically 

independent wells). 
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cell isolation kit (Miltenyi # 130-104-075). The T cells were heated and either plated with 

CD3 and CD28 platebound antibodies to quantify proliferation (Figure 39a), incubated 

with antigen-specific target cells to asses cytotoxicity (Figure 39b), or stained for apoptotic 

markers (Figure 39c). With these assays, we observed ~50% reductions in the fraction of 

proliferated cells under activating conditions, the concentration of Granzyme B (a 

cytotoxic effector molecule released by T cells) in the supernatant of co-cultures containing 

target cells, as well as viability of T cells after incubations at 42 °C for 30 minutes (Figure 

39). These data suggest that primary murine T cells have lower tolerances for hyperthermia 

compared to those observed in primary human T cells (Figure 22 and Figure 23). Combined 

with the observations that murine T cells required >40 °C heat treatments for strong thermal 

switch activation (Figure 38c), these data led us to conduct the bulk of our studies using 

primary human T cells. Although we did not test pulsed heating regimens with murine 

cells, it remains possible that such profiles could also improve thermal tolerance as 

observed in Jurkat T cells (Figure 9f).  
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A.4 Broader targeting using TS-BiTE T cells 

In addition to K562s, NKG2D ligands are expressed by a wide range of cells found in the 

TME25, 233. Indeed, the primary reason for incorporating the NKG2DL BiTE into the 

synthetic thermal gene switches was its potential to expand T cell specificity to include 

 

Figure 40: NKG2DL expression on breast cancer lines and in vitro differentiated 

MDSCs. (a) Her2 and NKG2DL flow staining on primary human T cells, MDA-MB-

231s, and MDA-MB-468 breast cancer lines. (b)  Protocol for in vitro differentiation 

of MDSCs. (c) Flow staining for NKG2DL on MDSCs with K562 included for 

reference. (d) Cytokine concentrations in supernatant of cocultures containing T cells 

and MDSCs. (*P<0.05, **P<0.01, ***P<0.001, two-tailed t-test, mean + SEM is 

depicted, n = 3 biologically independent wells). (e) CTV flow staining of T cells 

following incubation with MDSCs.  
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multiple cell types. For example, two breast cancer lines, MDA-MB-231 and MDA-MB-

468, both stain positive for NKG2DLs making them potential candidates for heat-triggered 

targeting by T cells containing TS-BiTE switches (Figure 40a). Canonically, NKG2DLs 

are also strongly expressed by myeloid derived suppressor cells (MDSCs) and several 

strategies have attempted to target these cells via this axis26. To explore this possibility we 

first differentiated MDSC target cells according to previously published guidelines26 and 

confirmed their expression of NKG2DLs (Figure 40b, c). Next, we confirmed the 

 

Figure 41: NKG2DL BiTE-mediated killing of MDSCs. Flow staining for CD69, 

PD-1, and CD107a on primary human T cells following coincubation with donor-

matched, in vitro differentiated MDSCs. Live MDSCs were quantified using counting 

beads and staining for NKG2DL expression (mean + SEM is depicted, n = 3 

biologically independent wells).  
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suppressive phenotype of these cells by co-incubating them with T cells and CD3/CD28 

beads to provide signals 1 and 2. We observed that addition of MDSCs to the culture 

reduced the secretion of immunostimulatory cytokines such as IFN-γ, TNF-α, and IL-2 

(Figure 40d). Under similar activating conditions with CD3/CD28 beads, addition of 

MDSCs inhibited T cell proliferation and this inhibition was unable to be recovered even 

at higher bead to T cell ratios (Figure 40e). These data confirmed the suppressive 

phenotype of the in vitro differentiated MDSC which raised the question as to whether 

redirected T cells could kill these suppressive cells.  

 To test whether NKG2DL BiTEs could trigger MDSC killing by otherwise 

unreactive T cells, we incubated primary human T cells with the in vitro differentiated 

MDSCs in the presence of recombinant BiTE expressed by CHO cells. To reduce the 

potential for alloreactivity, the same donor was used for both the T cells and MDSCs. After 

24 hours of coincubation with NKG2D BiTEs and MDSCs, T cells exhibited dose-

 

Figure 42: NKG2DL BiTE-mediated killing of K562s. Luminescence-based 

cytotoxicity assay of K562s using untransduced T cells and recombinant NKG2DL-

BiTE at indicated concentrations.  
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dependent upregulation of activation markers (CD69 and PD-1) as well as the 

degranulation marker CD107a suggesting cytotoxic responses towards MDSCs. This 

cytotoxicity was confirmed at concentrations as low as 5 ng/mL by quantifying the number 

of live MDSCs using counting beads (Figure 41). This same BiTE concentration was also 

capable of inducing ~50% cytotoxicity in K562s suggesting that the suppressive phenotype 

of the MDSCs did not compromise BiTE-mediated killing. Future studies could 

incorporate these MDSCs into implanted tumor models to recapitulate immunosuppressive 

niches observed in patient samples and inhibit the activity of tumor-reactive T cells. Heat-

triggered expression of BiTEs could then trigger cytotoxicity against the MDSCs and 

ultimately improve anti-tumor responses.   
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A.5 Adoptive transfer of constitutive CAR T cells in a leukemia model 

To establish a xenograft model of cancer in which primary human T cells are infused into 

tumor-bearing mice, we injected luciferized CD19+ K562 cells into NSG mice. These mice 

lack T cells, B cells, and NK cells allowing for engraftment of human cells and in vivo 

modeling of CAR T cell activity248, 249 (Figure 43a). As early as three days after infusion 

of T cells which constitutively expressed an αCD19 CAR, luminescence (indicative of 

tumor burden) was reduced compared to controls receiving wild-type T cells. These levels 

 

Figure 43: ACT of CARs in leukemia model. (a) Experimental timeline depicting 

days of inoculation and adoptive transfer of 5 x 106 CAR+ human T cells. (b) Kinetic 

trace of luminescence indicative of tumor burden following transfer of CAR+ T cells 

(mean + SEM is depicted, n = 5 biologically independent mice). (c) Survival curves of 

tumor-bearing mice in (b) following transfer of Pmel CD8+ T cells (n = 5 biologically 

independent mice).  
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approached the luminescence observed in healthy mice (dotted line) before beginning to 

increase 8 days post-transfer (Figure 43b). This reduction in tumor burden also 

corresponded to prolonged survival in mice receiving transduced cells (Figure 43). These 

data confirmed that adoptively transferred human T cells could mediate anti-tumor 

responses in a xenograft model of leukemia. Additionally, the increases in tumor burden 

after Day 8 in the CAR group could indicate exhaustion or lack of sustained proliferation 

by the transferred cells; phenotypic studies of these cells would elucidate these 

possibilities. Furthermore, incorporating synthetic thermal gene switches into the 

transferred cells has the potential to improve the durability of this therapeutic response by 

allowing transient expression of a CAR to prevent continuous CAR signaling or the 

inclusion of heat-triggered cytokines (e.g. the IL-15 SA) to support the formation of 

memory populations.  
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A.6  Synthetic thermal gene switch sequences 

Table 2: Synthetic thermal gene switch sequences. 

3 HSE TGAAAGTTCTAGAACGACGAGAACGTTCTAGAAGGTCTAGAACGT

TCTAGAAC 

4 HSE AGAAGCTTCTAGAATGTGCTGAAAGTTCTAGAACGACGAGAACGT

TCTAGAAGGTCTAGAACGTTCTAGAAC 

5 HSE 
AGAACGTTCTAGAACCTGGAGAAGCTTCTAGAATGTGCTGAAAGT

TCTAGAACGACGAGAACGTTCTAGAAGGTCTAGAACGTTCTAGAA

C 

6 HSE 
AGAACGTTCATGAACGCTGAGAACGTTCTAGAACCTGGAGAAGCT

TCTAGAATGTGCTGAAAGTTCTAGAACGACGAGAACGTTCTAGAA

GGTCTAGAACGTTCTAGAAC 

7 HSE 
AGAAGCTTCATGAACGTGCAGAACGTTCATGAACGCTGAGAACGT

TCTAGAACCTGGAGAAGCTTCTAGAATGTGCTGAAAGTTCTAGAA

CGACGAGAACGTTCTAGAAGGTCTAGAACGTTCTAGAAC 

 

Note: Heat Shock Elements (HSEs) are underlined 
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A.7  Core promoter sequences 

Table 3: Core promoter sequences. 

YB TCTAGAGGGTATATAATGGGGGCCACTAGTCTACTACCAGAAAG

CTTGGTACCGAGCTCGGATCCAGCCACC 

HSPB1 

TTGCCATTAATAGAGACCTGAAGCACCGCCTGCTAAAAATACCC

GGCTGGGCACACATAAAAGCACGCTGGGGCTCCAGTCCGGCACT

TCTCGGATCCTCAGCCCAGTGCTTCTAGATCCTCAGCCTTGACCA

GCCAAGAACATGAC 

HSPA1A 

TTAAAGGCGCAGGGCGGCGAGCAGGTCACCAGACGCTGACAGC

TACTCAGAACCAAATCTGGTTCCATCCAGAGACAAGCGAAGACA

AGAGAAGCAGAGCGAGCGGCGCGTTCCCGATCCTCGGCCAGGA

CCAGCCTTCCCCAGAGCATCCCTGCCGCGGAGCGCAACCTTCCC

AGGAGCATCCCTGCCGCGGAGCGCAACTTTCCCCGGAGCATCCA

CGCCGCGGAGCACAGCCTTCCAGAAGCAGAGCGCGGCGCCCTC

GAG 

HSPA6 

TAAAAAGCCCGTGGAAGCGGAGCTGAGCAGATCCGAGCCGGGC

TGGCTGCAGAGAAACCGCAGGGAGAGCCTCACTGCTGAGCGCC

CCTCGACGGCGGAGCGGCAGCAGCCTCCGTGGCCTCCAGCATCC

GACAAGAAGCTTCAGCCACCGGTCTCGAG 
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A.8  Immunostimulatory gene sequences 

Table 4: Immunostimulatory gene sequences. 

IL-15 

superagonist 

ATGGCACCACGCAGAGCCAGAGGTTGCCGGACTCTCGGACT

GCCCGCACTGCTGCTCCTCCTGCTTCTTCGGCCGCCTGCCACT

AGAGGGGACTACAAGGACGACGATGACAAGATCGAAGGGA

GGATTACGTGTCCTCCCCCGATGTCCGTGGAACACGCGGACA

TCTGGGTCAAGTCCTATTCCTTGTACTCCCGCGAGCGGTACA

TTTGCAACTCCGGCTTTAAGCGCAAAGCTGGCACCAGCTCCC

TCACTGAATGCGTGCTGAACAAGGCCACTAATGTGGCCCATT

GGACCACCCCCTCGCTGAAGTGCATCCGGGACCCTGCCTTGG

TCCACCAACGCCCTGCACCTCCATCCGGAGGATCAGGCGGA

GGAGGTTCGGGTGGTGGTTCCGGTGGAGGAGGGAGCCTCCA

GAACTGGGTGAACGTGATCAGCGACCTTAAGAAAATCGAGG

ATCTGATTCAGTCAATGCACATCGACGCGACCCTCTACACCG

AAAGCGACGTCCACCCGAGCTGCAAGGTCACCGCCATGAAG

TGCTTCCTGCTGGAACTCCAAGTCATTTCGCTGGAGAGCGGC

GATGCTTCAATCCACGACACTGTGGAAAACCTGATCATTCTG

GCAAACAACTCCCTCTCTTCGAATGGGAACGTGACCGAGTCC

GGCTGCAAGGAGTGCGAGGAGCTGGAGGAAAAGAACATCA

AAGAGTTCCTGCAGTCCTTCGTCCACATCGTGCAGATGTTCA

TCAACACCTCGTAA 

NKG2DL 

BiTE 

ATGGAGACTGACACCCTGCTTCTCTGGGTGCTCTTGCTTTGG

GTGCCTGGAAGCACCGGCGACCAAGTCCAACTGCAACAGTC

AGGCGCCGAACTGGCTCGGCCTGGAGCTTCTGTGAAGATGTC

GTGCAAAGCATCCGGCTACACCTTTACTCGCTACACCATGCA

CTGGGTCAAGCAAAGGCCCGGACAGGGACTGGAGTGGATTG

GGTACATCAACCCTTCGCGGGGGTACACTAACTACAACCAG

AAGTTTAAGGACAAGGCCACGCTGACCACCGACAAGTCCTC

GTCCACTGCATACATGCAGCTCTCCTCCCTGACCTCCGAGGA

CTCCGCCGTGTACTACTGCGCCCGCTACTACGACGACCACTA

CTGCCTGGACTACTGGGGCCAGGGTACTACCCTCACCGTGTC

GTCAGGAGGCGGAGGAAGCGGTGGCGGTGGAAGTGGAGGA

GGAGGAAGCCAGATCGTGCTGACTCAGTCCCCGGCGATCAT

GTCCGCGTCACCTGGCGAAAAGGTCACCATGACTTGTAGCGC

CTCAAGCAGCGTGTCCTACATGAACTGGTATCAGCAGAAGTC

CGGCACATCCCCCAAGCGGTGGATCTATGACACTTCCAAGCT

GGCCTCAGGAGTGCCTGCACATTTCCGCGGGTCTGGTTCGGG
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CACCTCCTACTCCCTGACTATCTCGGGGATGGAAGCTGAGGA

TGCGGCCACCTACTACTGCCAACAATGGTCCAGCAACCCCTT

CACCTTCGGGAGCGGCACTAAGCTGGAAATCAATGGGGGTG

GAGGATCGGGTGGAGGCGGATCAGGAGGGGGAGGGTCGTTC

TTGAATAGCCTGTTCAACCAAGAAGTGCAGATCCCCCTGACC

GAATCGTATTGTGGCCCGTGCCCAAAGAACTGGATTTGCTAC

AAGAACAACTGCTACCAGTTCTTCGATGAGTCCAAGAATTGG

TACGAGTCACAGGCCTCCTGCATGAGCCAGAACGCCTCCCTC

CTGAAAGTGTACTCGAAGGAGGACCAGGATCTGCTGAAGCT

GGTCAAGTCCTACCATTGGATGGGCCTGGTGCACATCCCGAC

CAACGGGTCCTGGCAGTGGGAGGATGGGTCGATCCTGAGCC

CTAATCTCCTCACCATCATCGAGATGCAGAAGGGAGACTGC

GCCCTGTACGCGAGCTCATTCAAGGGCTACATAGAGAACTGT

TCAACTCCCAACACCTACATCTGCATGCAGCGGACCGTGCAC

CACCACCATCACCACTAA 

αCD19 CAR 

ATGGCCTTACCAGTGACCGCCTTGCTCCTGCCGCTGGCCTTG

CTGCTCCACGCCGCCAGGCCGGACATCCAGATGACACAGAC

TACATCCTCCCTGTCTGCCTCTCTGGGAGACAGAGTCACCAT

CAGTTGCAGGGCAAGTCAGGACATTAGTAAATATTTAAATTG

GTATCAGCAGAAACCAGATGGAACTGTTAAACTCCTGATCTA

CCATACATCAAGATTACACTCAGGAGTCCCATCAAGGTTCAG

TGGCAGTGGGTCTGGAACAGATTATTCTCTCACCATTAGCAA

CCTGGAGCAAGAAGATATTGCCACTTACTTTTGCCAACAGGG

TAATACGCTTCCGTACACGTTCGGAGGGGGGACCAAGCTGG

AGATCACAGGTGGCGGTGGCTCGGGCGGTGGTGGGTCGGGT

GGCGGCGGATCTGAGGTGAAACTGCAGGAGTCAGGACCTGG

CCTGGTGGCGCCCTCACAGAGCCTGTCCGTCACATGCACTGT

CTCAGGGGTCTCATTACCCGACTATGGTGTAAGCTGGATTCG

CCAGCCTCCACGAAAGGGTCTGGAGTGGCTGGGAGTAATAT

GGGGTAGTGAAACCACATACTATAATTCAGCTCTCAAATCCA

GACTGACCATCATCAAGGACAACTCCAAGAGCCAAGTTTTCT

TAAAAATGAACAGTCTGCAAACTGATGACACAGCCATTTACT

ACTGTGCCAAACATTATTACTACGGTGGTAGCTATGCTATGG

ACTACTGGGGCCAAGGAACCTCAGTCACCGTCTCCTCAACCA

CGACGCCAGCGCCGCGACCACCAACACCGGCGCCCACCATC

GCGTCGCAGCCCCTGTCCCTGCGCCCAGAGGCGTGCCGGCC

AGCGGCGGGGGGCGCAGTGCACACGAGGGGGCTGGACTTCG

CCTGTGATATCTACATCTGGGCGCCCTTGGCCGGGACTTGTG

GGGTCCTTCTCCTGTCACTGGTTATCACCCTTTACTGCAAACG
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GGGCAGAAAGAAACTCCTGTATATATTCAAACAACCATTTAT

GAGACCAGTACAAACTACTCAAGAGGAAGATGGCTGTAGCT

GCCGATTTCCAGAAGAAGAAGAAGGAGGATGTGAACTGAGA

GTGAAGTTCAGCAGGAGCGCAGACGCCCCCGCGTACAAGCA

GGGCCAGAACCAGCTCTATAACGAGCTCAATCTAGGACGAA

GAGAGGAGTACGATGTTTTGGACAAGAGACGTGGCCGGGAC

CCTGAGATGGGGGGAAAGCCGAGAAGGAAGAACCCTCAGG

AAGGCCTGTACAATGAACTGCAGAAAGATAAGATGGCGGAG

GCCTACAGTGAGATTGGGATGAAAGGCGAGCGCCGGAGGGG

CAAGGGGCACGATGGCCTTTACCAGGGTCTCAGTACAGCCA

CCAAGGACACCTACGACGCCCTTCACATGCAGGCCCTGCCCC

CTCGCTGA 

 

Domains of the immunostimulatory genes: 

IL-15 superagonist: 

 1 – 90: IL-15 signal peptide 

 91 – 114: FLAG tag 

 115 – 126: Factor Xa site 

 127 – 357: Sushi domain of IL-15 Rα 

 358 – 414: Linker 

 415 – 762: Mature IL-15 

NKG2DL BiTE:  

 1 – 63: Igκ leader sequence 

 64 – 420: VH-OKT3 

 421 – 465: Linker 

 466 – 783: VL-OKT3 

 784 – 828: Linker 

 829 – 1245: Extracellular domain of NKG2D 

 1246 – 1263: HisTag 
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αCD 19 CAR:  

 1 – 63: Leader sequence 

 64 – 789: αCD19 scFv domain 

 790 – 924: Hinge region 

 925 – 996: Transmembrane domain 

 997 – 1122: 4-1BB intracellular domain 

 1123 – 1461: CD3ζ domain 
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