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Abstract  11 

Introduction: Immune checkpoint inhibitors and adoptive T-cell therapy based on chimeric 12 

antigen receptors are the spearhead strategies to exploit the immune system to fight cancer. 13 

To take advantage of the full potential of the immune system, cancer immunotherapy must 14 

incorporate new biotechnologies such as mRNA technology that may synergize with 15 

already approved immunotherapies and act more effectively on immune targets. 16 

Areas covered: This review describes the basics of mRNA biotechnology and provides 17 

insight into the recent advances in the use of mRNA for the local and systemic delivery of 18 

immunostimulatory antibodies, proinflammatory cytokines or for optimizing adoptive T-19 

cell therapy.  20 

Expert opinion: mRNA-based nanomedicines have great potential to expand the arsenal of 21 

immunotherapy tools due to their ability to simplify and accelerate drug development and 22 

their suitability for transient and local expression of immunostimulatory molecules, whose 23 

systemic and sustained expression would be toxic. The success of mRNA-based COVID-19 24 

vaccines has highlighted the feasibility of this approach. Continuous advances in the 25 

delivery and construction of RNA-based vectors hold promise for improvements in clinical 26 

efficacy. 27 

 28 

 29 

Article highlights 30 
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• Immunotherapy is a breakthrough in cancer treatment, and mRNA-based drugs can 31 

provide novel strategies to harness the immune system to fight cancer.  32 

• mRNA technology has successfully been applied to the in vivo production of 33 

conventional or bispecific antibodies, as a strategy to reduce the toxicity associated 34 

with repeated and high doses of antibodies. 35 

• Cytokine-based immunotherapy encoded by mRNAs aims to raise the concentration 36 

of cytokine/s in the tumor microenvironment, while minimizing the systemic 37 

exposure and toxicity associated with the administration of the recombinant 38 

proteins. 39 

• Ex vivo transient engineering of T cells with mRNA molecules has been evaluated 40 

for adoptive cell transfer in pre-clinical and clinical studies. Impressively, advances 41 

in delivery technology have allowed in vivo targeting of the therapeutic RNAs to T 42 

lymphocytes. 43 

• Development of mRNA-based immunotherapies has to overcome current limitations 44 

of this technology, but further refinements will expand the cancer immunotherapy 45 

applications.    46 

47 
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1. Introduction 48 

During oncogenesis, cancer cells accumulate mutations and epigenetic alterations that 49 

confer the capacity to overcome the numerous homeostatic constraints that oppose cancer 50 

development. Among these, the immune system plays a critical antitumor role, and evading 51 

the immune system is recognized as one of the hallmarks of cancer [1]. Therapeutic 52 

intervention in the complex interactions between the tumor and the immune system has 53 

proved to be more difficult than anticipated. Until the discovery of the PD-1/PD-L1 54 

pathway, few immunotherapy strategies had had any real impact or only marginaly affected 55 

the survival of cancer patients. The clinical scenario has dramatically changed since the 56 

development of monoclonal antibodies targeting PD-1 or PD-L1 [2]. Treatments for more 57 

than 20 malignant conditions have been approved by the FDA using these antibodies, 58 

reflecting the essential role of the PD-1 molecule in the interplay between the tumor cells 59 

and the immune system [3]. Tremendous efforts are being devoted to extending the benefit 60 

of immunotherapy to those patients who do not respond or respond transiently to the anti-61 

PD-1/PD-L1 antibodies as a result of primary and secondary resistances. New targets and 62 

novel biotechnology strategies are being evaluated both in pre-clinical research and clinical 63 

trials. Among the novel methods used to expand the arsenal of immunotherapy tools, 64 

retroviral/lentiviral gene transfer technologies have led to the development of potent cell 65 

therapy products that have received clinical approval to treat several hematological B-cell 66 

neoplasias [4]. An alternative for the ex-vivo gene transfer obtained with retroviral or 67 

lentiviral vector is the use of RNA-based non-viral vectors [5].  68 

mRNAs are safe and well-tolerated molecules able to induce a peak expression of the 69 

encoded protein in hours. Expression decreases within few days, limiting the toxicity 70 
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associated with the corresponding recombinant protein. mRNAs are composed of different 71 

structural elements. From 5’ to 3’, the mRNA encompasses a cap, followed by a 5’ 72 

untranslated region (UTR), the open reading frame, a 3’ UTR, and a polyA. To design a 73 

drug in the form of an mRNA each element has to be optimized. Anti-reverse cap analogs 74 

are used to avoid the generation of RNA molecules that cannot be translated. The optimum 75 

size of the polyA has been defined as between 120 to 150 nucleotides. The rest of the 76 

mRNA sequence has to be engineered to maximize the expression yield and stability. The 77 

open reading frame must be codon-optimized, and UTRs are borrowed from naturally 78 

stable RNA molecules. These sequence-engineered mRNAs are potent inductors of type I 79 

interferons upon recognition by pathogen-associated pattern recognition receptors such as 80 

TLR-7 [6]. Although the activation of the innate system may be of interest in certain 81 

instances, type I interferons are potent suppressors of protein expression and thereby 82 

dramatically reduce the expression yield. Three main strategies have been developed to 83 

minimize this issue. Nucleoside-modified mRNAs are based on incorporating naturally 84 

modified nucleosides or synthetic nucleoside analogs that reduce the engagement by 85 

pathogen-associated pattern recognition receptors and improve the translational capacity 86 

and stability of the modified mRNA [6]. Interestingly, the non-inflammatory mRNA can 87 

also be exploited to induce immune tolerance for the treatment of autoimmune disease. For 88 

instance, Krienke et al. generated a 1 methylpseudouridine-modified mRNA vaccine that 89 

delivers Multiple Sclerosis autoantigens into lymphoid dendritic cells. Their presentation in 90 

a non-inflammatory context expands antigen-specific effector Treg cells, thereby enabling 91 

disease control [7]. A second strategy to deimmunize RNA vectors is the use of circular 92 

RNA. Circularization of the RNA can be efficiently achieved using a self-splicing intron, 93 

and highly pure circular RNA is not detected by pathogen-associated pattern receptors 94 
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[8,9]. Self-amplifying RNAs can also markedly increase protein yield. Such RNAs are 95 

derived from sequences in alphavirus genomes, which are engineered to replace the genes 96 

encoding the structural protein by the gene of interest, while the RNA replication genes are 97 

maintained so many copies of the mRNA encoding the therapeutic transgene appear in the 98 

transduced cell [10].  99 

To deliver the optimized RNA to the cytoplasm of the target cells, several non-viral vectors 100 

have been employed. For ex vivo immunotherapy, naked RNA can be uptaken directly by 101 

phagocytic cells such as dendritic cells [11], or cellular entry can be facilitated by 102 

electroporation. This strategy has been used in adoptive transfer protocols with dendritic 103 

cells, T cells, and NK cells [12-14]. In vivo expression by injection of naked RNA has also 104 

been achieved by electroporation [15] or by direct intratumoral injection of the naked RNA 105 

in Ringer lactate. This simple strategy induced expression levels similar to those achieved 106 

by electroporation [16]. Moreover, cross-presenting dendritic cells (cDC1) express most of 107 

the RNA-encoded protein delivered intratumorally dissolved in Ringer lactate, with this 108 

being an interesting strategy to deliver immunostimulatory molecules that promote tumor 109 

antigen presentation [17].  110 

In addition to electroporation, numerous non-viral vectors such as cationic nanoemulsions, 111 

liposomes, polyplexes, or polypeptidic-based systems have been evaluated for RNA 112 

delivery [18]. Among these methods, lipid nanoparticles led to the first regulatory approval 113 

of mRNA-based nanomedicines: the mRNA COVID-19 vaccines [19,20]. Lipid 114 

nanoparticles are composed of cholesterol, phospholipids, a polyethylene glycol-conjugated 115 

lipid, and an ionizable cationic lipid. The advantage of employing cationic lipids is that 116 

they maintain the nanoparticle neutral in electrostatic charge at physiological pH whereas 117 
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they undergo protonation at the acidic pH of the endosome following endocytosis. 118 

Ionization in the endosome leads to its disruption and the release of the vesicle cargo into 119 

the cytoplasm. This process is called the “proton sponge effect” and there are studies that 120 

propose that many other mechanisms could be involved in mRNA cytosolic release [21,22]. 121 

The cationic lipids used in the COVID-19 vaccines are SM-102 in the case of the Moderna 122 

vaccine and ALC-0315 in the Pfizer/BioNtech vaccine [23]. Delivery vectors can be 123 

optimized to provide tissue- or cell-specific expression, expanding the safety and efficacy 124 

of mRNA-based immunotherapy [24].  125 

The unprecedented success of the RNA-based COVID-19 vaccines has demonstrated the 126 

feasibility and advantages of this technology for fast drug development. The previous 127 

knowledge acquired during the development of prophylactic vaccines against other 128 

infectious diseases and personalized therapeutic vaccines against cancer provided 129 

instrumental experience towards the success of the COVID-19 vaccines [25-27]. But the 130 

application of the mRNA biotechnology goes beyond vaccination. This review will focus 131 

on three mRNA applications that will significantly impact the cancer immunotherapy: 132 

expression of immunostimulatory antibodies, cytokines, and transient immune cell 133 

engineering. 134 

 135 

2. Expression of immunostimulatory antibody-based moieties by mRNA  136 

Monoclonal antibodies (mAbs) have revolutionized the cancer immunotherapy field [28]. 137 

The production of monoclonal antibodies was first developed thanks to the hybridoma 138 

techniques, and the discovery of innovative biotechnology approaches has dramatically 139 
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expanded the applications of mAbs [29]. To date, a wide variety of mAbs has been 140 

approved in the treatment of several diseases. A significant fraction of the approved mAbs 141 

is indicated for cancer treatment due to their ability to directly or indirectly modulate tumor 142 

biology [30,31]. However, despite the fact that mAbs have become crucial players in the 143 

cancer immunotherapy field, the whole production and purification process can be 144 

expensive, complex, and challenging. Moreover, purified antibodies can undergo protein 145 

aggregation. Such aggregates can affect the functionality of the monomeric protein and can 146 

generate agent-neutralizing immune responses [32-34]. 147 

To overcome these limitations, alternative strategies to produce mAbs in vivo have been 148 

widely investigated. Adeno-associated viruses (AAVs) have had a leading role in the 149 

development of gene therapy strategies aiming at the production of monoclonal antibodies 150 

for the treatment of several disorders, including cancer [35-39]. However, the sustained 151 

transgene expression achieved using this viral vector may not be adequate for the 152 

production of immunostimulatory monoclonal antibodies due to their often narrow 153 

therapeutic windows [40].  154 

To overcome the problems related to the AAV vectors, the production of monoclonal 155 

antibodies using non-viral DNA or RNA vectors has attracted much interest. Such 156 

molecules lack the disadvantages of virus-associated approaches and allow the production 157 

of the target protein directly in vivo. Weiner et al. [41-44] have investigated the in vivo 158 

production of mAbs using electroporation of DNA plasmids, leading to the production and 159 

characterization of several mAbs to treat infectious diseases and for cancer immunotherapy. 160 

Regarding infectious diseases, the DNA-encoded monoclonal antibody (DMab) technology 161 

has been applied to Ebola virus, HIV, Zika virus, and Pseudomonas aeruginosa infections 162 
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[41-44]. The pre-clinical results obtained in the in vivo delivery of an anti-Zika virus DMab 163 

led to the start of the first, still ongoing, open-label clinical study to test the safety and 164 

tolerability of INO-A002 to prevent Zika virus infection (ClinicalTrials.gov Identifier: 165 

NCT03831503). 166 

More recently, Weiner et al. [45,46] applied the previous experience in the field of DMab 167 

to the production of DMab-based immunotherapies such as αCTLA-4 and αPSMA 168 

antibodies. Both strategies were able to control tumor growth and improve survival of mice 169 

after an intramuscular injection of 100 µg of PSMA-DMAb or 400 µg of αCTLA-4-DMAb 170 

followed by electroporation [45,46]. 171 

Therefore, DNA electroporation may represent an efficient technology to induce consistent 172 

expression levels of several proteins, including antibodies. However, electroporation is, for 173 

the time being, limited to accessible tumoral lesions. To extend the DNA technology to 174 

other organs or non-accessible tumor lesions, lipid formulations of diverse DNA constructs 175 

are currently under investigation by different biotech companies.  176 

An innovative way to deliver the genetic information for the in vivo production of 177 

monoclonal antibodies is the use of RNA-containing non-viral vectors (Figure 1). Various 178 

lipid-complexed antibody-encoding mRNAs have been developed to protect from HIV, 179 

influenza, rabies, and chikungunya virus upon intravenous injection [47-49]. The mRNA 180 

encoding an anti-chikungunya antibody is currently under evaluation in a clinical trial 181 

(ClinicalTrials.gov Identifier: NCT03829384).  182 

This mRNA technology has also been developed in the cancer immunotherapy field. Thran 183 

et al. [48] produced an mRNA-encoded rituximab antibody and evaluated it in mice bearing 184 
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human Burkitt's lymphoma. RNA complexed in lipid nanoparticles (LNP-RNA) was 185 

administered by intravenous injections at doses of 10 or 50 µg of RNA. The RNAs 186 

encoding the heavy and light chains were injected at a molar ratio of 1.5:1 twice a week for 187 

a total of five injections. Both doses induced a significant antitumor effect with the highest 188 

dose being even more effective than repeated administration of the recombinant mAb [48]. 189 

Further evidence of the functional in vivo delivery of RNA-encoded mAbs came from 190 

Rybakova et al., who applied this technology for the production of trastuzumab, an anti-191 

HER2 antibody [50]. Likewise, the heavy and light chains of the mAbs are encoded by 192 

different RNAs. Injection of 2 mg/kg of mRNAs in a ratio of heavy chain to light chain 193 

RNAs of 2:1 was sufficient to generate 40 µg/ml of the circulating antibody after 24 hours, 194 

with expression lasting around one week. Efficacy studies were performed using xenograft-195 

bearing mice. Subcutaneous injection of MDA-MB-231 cells expressing or not the HER2 196 

receptor was used to establish the tumor model. Mice received 2 mg/kg of intravenous 197 

LNP-RNA treatment once a week for four weeks, resulting in a significant reduction of the 198 

HER2-expressing tumor growth and in increased survival of the mice [50]. 199 

In spite of the many successful examples of mAbs in oncology, the full antibodies have 200 

limited capacity to homogenously distribute through the tumor mass because of poor tissue 201 

penetration [51]. Hence, modifications of the antibody structure have been designed, 202 

leading to the generation of new types of antibody fragments endowed with better tissue 203 

prenetration [52]. However, small antibody fragments lack the Fc domain, which deprives 204 

them from the binding to the neonatal Fc receptor and, therefore, from the antibody 205 

recycling Fc-dependent pathway. Hence, the half-lives in circulation are greatly 206 

diminished. mRNA technology has been applied to overcome these limitations. Stadler et 207 
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al. used engineered mRNA to produce in vivo a bispecific single-chain fragment variable 208 

(scFv) molecule. They formulated several RNA-encoded bispecific constructions called 209 

RiboMABs, able to bind CD3 and to a tumor-associated antigen. The proof-of-concept has 210 

been achieved targeting CLDN6, CLDN18.2, and EpCAM as model tumor-associated 211 

antigens. These RNA-based formulations were injected intravenously, and the of 5µg dose 212 

was able to give a peak expression of 6 and 8 µg/ml in serum at 6 hours. The kinetics were 213 

considered more favorable than the kinetics of the recombinant protein counterpart, since 214 

the proteins were cleared more rapidly from circulation. The CD3xCLDN6 and 215 

CD3xEpCAM exerted antitumor activities as tested in OV-90 tumor-bearing NOD scid 216 

gamma (NGS) mice treated with 3µg of the LNP-RNA. Importantly, complete eradications 217 

of the tumors were observed. CD3xCLDN6 effectiveness was further confirmed on NGS 218 

mice bearing subcutaneous tumors expressing the CLDN6 protein, and antitumor effects 219 

were also detected on tumor cells that lacked CLDN6 [53].  220 

 221 

3. mRNA-based expression of cytokines in the tumor microenvironment. 222 

Cytokines are secreted proteins that play an essential role in the regulation of the immune 223 

system by controlling the proliferation, differentiation, effector functions, and survival of 224 

immune cells [54-56]. In some instances, cytokines can operate adsorbed into plasma 225 

membranes. Due to their pleiotropic effects on immune cells, cytokines have been explored 226 

since their initial discovery in the field of cancer immunotherapy, and several studies have 227 

demonstrated their antitumor activity, which has been translated to the clinic (Table 1) 228 

[56,57].  229 
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Numerous cytokines in the form of recombinant proteins, including interferon alpha (IFN-230 

α), granulocyte macrophage colony-stimulating factor (GM-CSF), and interleukin (IL)- 2, 231 

IL-15, IL-12, and IL-18, among others, have been evaluated in clinical trials for patients 232 

with diverse types of cancer [57]. Despite the interest in cytokine-based approaches, to date 233 

only IL-2 and IFN-α have received approval by the FDA. This is because cytokine-based 234 

therapies have some shortcomings that needs to be overcome, such as their short half-life, 235 

low availability at the tumor metastatic site, and potential toxicities when intravenously 236 

delivered [56]. These drawbacks are exemplified by IL-2 therapy, where high doses are 237 

needed to provide a significant response rate but, at the same time, these high doses cause 238 

life-threatening toxicities [55]. Therefore, it is crucial to find strategies to enhance the 239 

therapeutic effects in the tumor while minimizing systemic toxicity [56]. Hence, several 240 

studies have explored new strategies based on mRNA as the vehicle of choice to direct 241 

deliver cytokines to the tumor microenvironment (TME) (Figure 2). 242 

Tumor-infiltrating cytotoxic T lymphocytes display a dampened antitumoral activity due to 243 

the influence of a hostile tumor environment characterized by the presence of 244 

immunosuppressive elements [58]. Over the years, researchers have sought to modulate the 245 

TME, either through reactivation of immune cells or neutralizing the immunosuppressive 246 

environment. Interestingly, synergistic effects can be achieved when both such strategies 247 

are combined. Recombinant bifunctional molecules such as immunocytokines or bispecific 248 

antibodies can exert this dual activity, but their large-scale production can be challenging. 249 

In vivo production of these complex molecules can be achieved by mRNA-encoded 250 

constructs. Van der Jeught et al. evaluated Fβ2 [59], a new mRNA-encoded fusokine 251 

composed of interferon beta (IFN-β) and the ectodomain of the TGF-β receptor II. This 252 
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fusokine has a dual role: (i) it increases immune reactivity by potentiating the antigen-253 

presenting function of dendritic cells while (ii) decreasing TGF-β mediated 254 

immunosuppression. Treating E.G7-OVA or TC-1-bearing mice with three intratumoral 255 

injections in a three-day interval resulted in increased long-term survival. This effect is 256 

mediated by CD8+ T cells since their depletion abrogated the observed therapeutic effect. 257 

Further, combining Fβ2 with anti-PD-1 monoclonal antibody delayed tumor growth. 258 

A second approach that can been therapeutically exploited thanks to mRNA technology is 259 

the intratumoral expression of cytokines. Local expression of cytokines increase their 260 

concentration in the target tissue, minimizing systemic toxicity. The potential of this 261 

strategy is best exemplified with interleukin 12 (IL-12). IL-12 is a heterodimeric cytokine 262 

that exerts potent effects on T cells and natural killer cells. IL-12 recombinant protein 263 

clinical trials have shown severe side effects due to systemic induction of IFNγ [12,60,61]. 264 

It has been shown that intratumoral injections of mRNA encoding IL-12 increased IFNγ 265 

expression, promoting a T helper 1 (Th1) transformation of the TME and, importantly, with 266 

no treatment-associated toxicities [60,62]. After a single intratumoral injection of IL-2 267 

mRNA, robust tumor regression was observed in both injected and non-injected tumors. 268 

Furthermore, this work demonstrated that the combination of immune checkpoint inhibitors 269 

and IL-12 mRNA enhances the antitumor response improving overall survival and tumor 270 

regression in mouse tumor models resistant to checkpoint inhibitors [62]. These pre-clinical 271 

studies led to the development of MEDI119, a lipid nanoparticle (LNP) formulation with 272 

human IL-12 mRNA. This mRNA is currently being evaluated in a phase I clinical trial 273 

(NCT03946800) for intratumoral injection in combination with the anti-PD-L1 mAb 274 

durvalumab [62]. Similarly, a recent study investigated the therapeutic activity of IL-12 275 
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mRNA with intravenous injection in an MYC-driven transgenic mouse model of 276 

hepatocellular carcinoma (HCC). This study demonstrated that weekly intravenous 277 

injections reduced tumor burden due to the increased infiltration of CD3+ CD4+ CD44+ T 278 

cells without altering MYC protein levels and apparently without setting off safety signals 279 

in the mice [63]. 280 

Another advantage of the mRNA technology is the possibility of expressing simultaneously 281 

synergistic combinations of cytokines. Hewitt and colleges [24] proposed combining T cell 282 

costimulatory molecules and inflammatory cytokines by the intratumoral injection of LPN-283 

formulated mRNAs encoding OX40L, IL-23, and IL-36γ. Whereas these 284 

cytokines/costimulatory ligands in monotherapies exhibited little therapeutic effects, an 285 

increase in the efficacy was observed with the mRNA mixture, that resulted in complete 286 

responses after repeated administrations without notable adverse reactions. Remarkably, the 287 

triplet mRNA has not only a local but also a distant effect. After a single intratumoral 288 

injection, there was a 100% complete control of both treated and distal untreated tumors. 289 

This strategy is being evaluated in a clinical trial (NCT03739931). The mRNAs 290 

encapsulated in lipid nanoparticles are injected intratumorally, and the feasibility and safety 291 

are being evaluated alone or in combination with durvalumab, an anti-PD-L1 monoclonal 292 

antibody. Another mRNA combination that is being tested in clinical trials is SAR44100 293 

(BNT131). This is a mixture of mRNAs encoding IL-12 single chain (IL-12sc), IL-15 with 294 

the sushi domain of the IL15Rα, IFNɑ, and GM-CSF. Pre-clinical studies determined that 295 

local administration of SAR44100 mediates successful antitumor immunity leading to 296 

tumor eradication in both treated and non-treated tumors. The combination of the mRNA 297 

mixture with immune checkpoint inhibitors improved the overall survival of mice because 298 
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of enhanced antitumor immune reactivity. Based on these pre-clinical studies, a phase I 299 

clinical trial (NCT03871348) was initiated in which SAR44100 is being administered 300 

intratumorally as monotherapy or in combination with cemiplimab, an anti-PD-1 301 

monoclonal antibody, to patients with metastatic neoplasms [60]. 302 

 303 

4. RNA-engineered T lymphocytes  304 

Adoptive T-cell therapy is currently the focus of well-deserved research and clinical 305 

attention. Adoptive T-cell transfer for cancer patients dates back to 1985 when Rosenberg 306 

et al. administered autologous T cells, ex-vivo expanded with IL-2, together with 307 

recombinant IL-2 inducing objective cancer regressions in 25 patients [64]. In the last 308 

decade, research on adoptive T-cell transfer has experienced an exponential growth, 309 

culminating in the recent regulatory approvals of chimeric antigen receptor (CAR) T cells 310 

for certain types of non-Hodgkin lymphoma, acute lymphoblastic leukemia, 311 

relapsed/refractory mantle cell lymphoma, and advanced multiple myeloma [65-69]. 312 

Retroviral/lentiviral transduction has been the method employed to genetically engineer 313 

therapeutic T lymphocytes. In spite of the fact that this strategy led to impressive clinical 314 

results, there are some limitations. The most relevant shortcomings are the potential risk of 315 

insertional mutagenesis and the possibility of off-target toxicities. One of the alternative 316 

strategies to develop safer T cell products is the transfection of T cells with messenger 317 

RNA because it is transient and non-integrative. Accordingly, there is no risks of 318 

insertional mutagenesis, and the potential side effects will be self-limiting. The transient 319 

nature of mRNA has been exploited to more safely express immunostimulatory molecules 320 
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to increase the antitumor effect of tumor-specific T lymphocytes or to confer naïve T cells 321 

with tumor-specificity by expressing transgenic T cell receptors (TCR) or CARs (Figure 3). 322 

The first studies demonstrating the possibilities of inserting in-vitro transcribed mRNAs 323 

into T cells date back to the beginning of the 21st century when Smits et al. [70] 324 

electroporated GFP mRNA into T lymphocytes. They observed that only stimulated T cells 325 

could translate the electroporated mRNA, whereas the non-stimulated cells were not 326 

capable of this. The following year, Yangbing Zhao et al. [71] electroporated OKT3-327 

stimulated peripheral blood lymphocytes with mRNAs encoding the α and β chains of 328 

HLA-A2-restricted TCRs recognizing NY-ESO-1, MART-1- and p53, and such T 329 

lymphocytes were able to secrete IFNγ upon antigen recognition. The cytotoxic capacity of 330 

electroporated T cells with mRNAs encoding TCRs was demonstrated for the first time 331 

with a TCR specific for HLA-A2/gp100 [72]. This strategy has been further refined by 332 

Campillo-Davo et al. [73]. They described a double sequential electroporation platform 333 

where Dicer-substrate small interfering RNAs (DsiRNA) are first introduced to attenuate 334 

endogenous TCR α and β expression. 24 hours later, a second electroporation is performed 335 

with a codon-optimized mRNA, that encodes a TCR against the Wilms' tumor protein 1 336 

(WT1) and is made resistant to the previously applied siRNA silencing. This technology 337 

prevents TCR mispairing resulting in enhanced functionality of engineered T cells able to 338 

lyse the target cells at least in vitro.   339 

RNA technology has also been evaluated to improve CAR T cell therapy. The research on 340 

transiently-engineered RNA-CAR T cells against hematological tumors has mainly focused 341 

on targeting CD19, and antitumoral efficacy has been shown in pre-clinical models against 342 

Daudi lymphoma [74] and in human leukemia xenografts [75,76]. One study by Almåsbak 343 
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et al. [77] demonstrated how co-electroporation of CD19-specific RNA-CAR and RNAs 344 

coding for CCR7 and CXCR4 improve T-cell chemotaxis in vitro. Interestingly, Liu et al. 345 

in 2016 engineered human T cells with an RNA coding for a CD19xCD3-bispecific T cell 346 

engager (BiTE). BiTEs were secreted to the milieu and enabled both the electroporated and 347 

bystander T cells to specifically recognize and kill CD19+ cell lines. Proliferation, 348 

persistence, and increased cytokine production were observed, thus resulting in a more 349 

potent anti-leukemia growth effect as compared to CD19-RNA-CAR T cells [78]. 350 

The promising results in pre-clinical models led the University of Pennsylvania to start the 351 

first clinical trial using non-viral CAR T cell therapy with an RNA-CAR targeting CD19 352 

for relapsed classical Hodgkin’s lymphoma (registered as NCT02277522 for adults and 353 

NCT02624258 for children) (Table 2). The four patients infused with the specified cell 354 

dose showed transient clinical responses with no severe toxicities [79].  355 

Several targets other than CD19 have been investigated for RNA-CAR T cell therapy 356 

(Table 2). In the case of CD20, the cellular product was well tolerated and led to a modest 357 

and transient antitumor activity in a dog with relapsed B cell lymphoma [80]. The RNA-358 

CAR strategy was particularly useful in the case of CD33. The transient nature of RNA in 359 

this strategy was able to overcome the toxicity caused by stably transduced T cells with a 360 

CD33 CAR [81]. Moreover, in the case of the CD123-directed CAR, the transiently 361 

engineered T cells outperformed the conventional CAR T cells in acute myeloid leukemia, 362 

and were much less toxic given the fact that CD123 is also expressed by normal 363 

hematopoietic cells and their progeny, as well as on some endothelial cells [82]. The 364 

University of Pennsylvania sought to test the feasibility and toxicity of T cells 365 

electroporated with anti-CD123 CAR mRNA in 7 patients with relapsed/refractory acute 366 
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myeloid leukemia (NCT02623582). The several cell infusions were safe, but the approach 367 

showed limitations because of the poor quality of patients’ T cells that led to technical 368 

problems manufacturing the planned number of doses and the lack of CAR T cell 369 

persistence. B-cell maturation antigen (BCMA)-specific mRNA CAR-T cells have been 370 

developed in multiple myeloma. Two versions have been tested in clinical trials: Descartes-371 

08 and Descartes-11, an optimized/humanized version of the first one. Descartes-08 372 

showed durable clinical responses without significant toxicity (NCT03448978). A phase I 373 

study (NCT03994705) of 18 patients has already been undertaken with Descartes-11, and 374 

results showed no evidence of cytokine release syndrome or neurotoxicity, and a phase IIa 375 

study (NCT04436029) aims to enroll 30 patients in a single-arm multicenter study. 376 

In 2020, Parayath et al. reported a different approach in the RNA CAR field. They showed 377 

that transient reprogramming of host T cells directly in vivo was feasible. For this purpose, 378 

investigators used the systemic administration of T cell-directed biodegradable 379 

nanoparticles containing either CD19-specific or ROR1-specific RNA-CAR that were able 380 

to control established leukemia tumors and prostate cancers in NSG mice, respectively. In 381 

vivo engineered T cells with this technology are able to control tumor growth with an 382 

efficiency comparable to stably transduced T cells. If translated to humans, this strategy has 383 

the outstanding potential to make T cell reprogramming more accessible to patients by 384 

overcoming the elaborate and expensive expansion and modification of T cells ex vivo. 385 

Still, this approach has limitations because its success depends on the presence of a 386 

sufficient number of T cells in the patient, and its efficacy could be blunted by the 387 

generation of anti-drug antibodies [83]. 388 
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The success of CAR T cells for hematological neoplasias has sparked interest in translating 389 

the benefit of these advanced therapies to solid tumors. RNA-CAR modified T cells have 390 

been evaluated in solid tumors targeting Her-2/neu, ErbB2, CEA, mesothelin, GD2, FRα, 391 

MCSP, VEGFR2, EPCAM, EGFR, and c-MET. In all cases, the RNA-CAR T cells 392 

demonstrated to have an anti-tumor effect in pre-clinical murine models against murine or 393 

human tumors expressing the cognate targets [84-93].  394 

Particularly promising pre-clinical results have been obtained by administering T cells 395 

engineered with mRNA coding for CAR specific for mesothelin, a protein overexpressed in 396 

mesothelioma (meso-RNA-CAR-T cells) [86]. This led the University of Pennsylvania to 397 

conduct two first-in-human studies to test the safety of multiple infusions of meso-RNA-398 

CAR-T cells (NCT01355965 with subjects with malignant pleural mesothelioma and 399 

NCT01897415 with subjects with metastatic pancreatic ductal adenocarcinoma). Out of 21 400 

infusions of meso-RNA-CAR-T cells (given to 4 patients), one infusion caused anaphylaxis 401 

and cardiac arrest within minutes of completing the third infusion (given four weeks after 402 

the second one) [94]. This dismal result forced the sponsor to modify the ongoing clinical 403 

trials to prohibit infusion breaks lasting more than ten days to avoid the IgE class switching 404 

that can occur during this time interval. In a subsequent follow-up study, Beatty et al. [95] 405 

reported that the treatment mediated partial antitumor activity in vivo, including the 406 

induction of epitope-spreading and the generation of antitumor IgG antibodies against the 407 

tumor that were not present before starting therapy. Such a phenomenon was also observed 408 

also in another follow-up study in 6 patients with chemotherapy-refractory metastatic 409 

pancreatic ductal adenocarcinoma [96]. 410 
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Another RNA-CAR T cell product evaluated in clinical trials is RNA-CAR T cells against 411 

c-MET, a tyrosine kinase receptor up-regulated in various solid tumors, notably in 412 

approximately 50% of breast cancers. Intratumoral injection in s.c. established human 413 

ovarian cancer in NSG mice controlled tumor growth. Given the promising results, the 414 

University of Pennsylvania initiated an open-label phase 0 clinical trial (NCT01837602) to 415 

evaluate the safety and feasibility of mRNA c-Met-CAR T cells in treating metastatic c-416 

Met+ breast cancer with a single intratumoral injection. The treatment was well tolerated, 417 

evoked an inflammatory response with extensive tumor necrosis at the injection site and 418 

recruitment of macrophages. Nonetheless, no clinical responses were observed in these 419 

patients. A phase I trial (NCT03060356) was conducted and consisted of intravenously 420 

administering autologous cMET-directed RNA-CAR T cells in patients with melanoma and 421 

breast carcinoma. The treatment was safe and feasible and stabilized the disease in 4 422 

patients out of 77 [97].  423 

In addition to synthetic TCR or CAR generation, T cell effector functions can be 424 

augmented upon transfection with immune enhancers, such as cytokines, immunotoxins, 425 

and ligands of activating cytotoxic receptors. In 2012, Lehner et al. transiently modified T 426 

cells with an mRNA coding for NKG2D-L, which triggered the elimination of Ewing's 427 

sarcoma tumor cell lines in vitro [98]. Pato and colleagues in 2015 electroporated tumor-428 

infiltrating T lymphocytes (TILs), prepared from melanoma patients, with a constitutively 429 

active TLR-4, which enhanced their cytolytic activity and increased the secretion of IFN-γ, 430 

TNF, and GM-CSF for at least four days post-transfection [99]. One year later, the same 431 

group demonstrated that short-term cultured, unselected “young” TILs could be 432 

electroporated with an efficiency comparable to conventionally selected TILs. These 433 
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investigators aimed at potentiating the immune functions of T cells by electroporating them 434 

with mRNAs encoding membrane-anchored IL-2, IL-12, and IL-15. The strategy of 435 

anchoring cytokines to the membrane was designed to avoid systemic toxicity and to avoid 436 

expanding regulatory T cells. Moreover, the constructs were designed to activate their 437 

receptor in cis, maximizing the availability of the expressed cytokines to the therapeutic T 438 

cells [100].  439 

Another strategy to increase the performance of T cells was to electroporate them with 440 

mRNA encoding constitutively active CD40 [101]. This optimized CD40 could markedly 441 

upregulate the activation of T cells and costimulatory molecules such as CD137, OX40, 442 

CD28, CD25, and CD127 in anti-melanoma selected TILs, young TILs, CD8+, and CD4+ T 443 

cells isolated from PBLs.   444 

Recently, tumor-specific T cells modified with mRNA encoding GM-CSF were evaluated 445 

to treat orthotopic murine brain tumors. Specifically, systemic injection of RNA-446 

electroporated OTI T cells significantly enhanced the survival of mice bearing B16F10-447 

OVA intracranial tumors. Such responses were associated with increased secretion of IFN-γ 448 

in the tumor microenvironment and systemic antigen-specific T cell expansion [102]. The 449 

strategy of using mRNA encoding immunostimulatory cytokines in tumor-specific T cells 450 

was exploited also for IL-12 [12]. Tumor-specific T cells were engineered with mRNA 451 

encoding the murine single-chain IL-12. Interestingly, administration of engineered OTI T 452 

cells injected intratumorally, but not intravenously, led to complete rejections of both 453 

treated B16-OVA tumors and distant contralateral tumors. Therapeutic efficacy was further 454 

enhanced by co-injection of agonist anti-CD137 mAb or by co-electroporation of mRNA 455 

coding for CD137L. The IL-12 OTI treatment induced epitope spreading of the endogenous 456 
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CD8+ T cell population in a cDC1-dependent manner, as BAFT3-KO mice showed a 457 

significantly reduced percentage of tumor-specific endogenous CD8+ T cells compared to 458 

wild type mice. This strategy could be clinically feasible since the authors successfully 459 

electroporated patient-derived TILs and intratumorally treated the related patient-derived 460 

xenograft, achieving the tumor growth control compared to mock electroporated cells.  461 

 462 

5. Conclusions 463 

Messenger RNA technology has undergone a great development in the field of vaccination. 464 

This technology has been validated in the field of prophylactic vaccines against COVID-19 465 

disease, leading to the first approvals of RNA-based drugs. Therapeutic vaccination against 466 

cancer is being pursued in the clinic with shared tumor antigens and personalized 467 

neoantigen-based mRNA vaccines and other applications of this technology in the field of 468 

cancer immunotherapy have been evaluated preclinically and in clinical trials (Table 1 and 469 

2). In the case of antibody-based immunotherapies, mRNA allows the production of 470 

different formats of antibodies directly in the target organ or in a distant tissue, that is used 471 

as a factory to produce the therapeutic antibody. Proof-of-principle preclinical studies have 472 

demonstrated the potential of this approach, but there are not yet clinical trials evaluating 473 

the feasibility in humans of the mRNA-based antibody expression for cancer 474 

immunotherapy, even though trials with antiviral antibodies are in progress. The second 475 

type of immunotherapy that can benefit from RNA technologies involves the use of 476 

cytokines. Preclinical data have demonstrated the interest of mRNA in attaining local 477 

expression in the tumor microenvironment of cytokines, cytokine combinations, or 478 
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immunocytokines. The use of mRNA-based strategies has shown improved antitumor 479 

efficacy with limited systemic toxicity. These preclinical data have supported the quick 480 

translation to clinical trials of different strategies based on the mRNA-mediated expression 481 

of cytokines (Table 1). Finally, mRNA technology is also of interest in the field of adoptive 482 

T-cell transfer. T-lymphocyte engineering has first been approved for clinical use in the 483 

case of retrovirus or lentivirus transduced T lymphocytes expressing chimeric antigen 484 

receptors against CD19 or BCMA. Persistence of the transduced T lymphocytes is often 485 

associated with long-term control of the disease. In spite of this, the transient expression 486 

offered by mRNA is sufficient to engineer potent immunotherapies that otherwise may lead 487 

to unacceptable toxicity upon chronic exposure. Moreover, transient mRNA transfer of 488 

antigens recognized by CAR T cells is being tested in the clinic to boost therapeutic 489 

efficacy (NCT04503278). In addition to the ex vivo protocols that are being evaluated in the 490 

clinic (Table 2), non-viral vectors can also be used for in vivo delivery of mRNA to T 491 

lymphocytes.  492 

 493 

6. Expert opinion 494 

The great potential of cancer immunotherapy is well demonstrated by checkpoint inhibitors 495 

and by adoptive cell therapy with CAR T cells. Currently approved immunotherapies 496 

represent the backbone on which to build combination strategies that extend the therapeutic 497 

benefit to patients with primary and secondary resistance to immunotherapy. New targets 498 

and new technologies to exploit the full potential of these mechanisms are being quickly 499 

translated from pre-clinical research to clinical evaluation. mRNA-based strategies can play 500 
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a key role in coming years. mRNA is a safe and well-tolerated vehicle able to deliver and 501 

induce expression of relevant proteins such as monoclonal antibodies, cytokines, and 502 

chimeric immune receptors in cancer immunotherapy. Synthetic mRNA molecules can be 503 

quickly designed, modified and cost-effectively produced on a large scale [103]. Reduction 504 

of the manufacturing costs is considered advantageous when compared to recombinant 505 

protein-based molecules. This is in part due to the fact that mRNAs encoding for different 506 

therapeutic proteins chemically differ only in their nucleotide sequences, and therefore, the 507 

physicochemical properties of different therapeutic mRNAs are highly similar, thereby 508 

allowing standardization of the production methods. Thus, this emerging technology may 509 

overcome manufacturing-related limitations and creates opportunities for local and 510 

transient expression of molecules that may otherwise be prohibitively toxic. The approval 511 

of COVID-19 mRNA vaccines represents a milestone, but the technology can be greatly 512 

optimized since certain limitations are yet to be overcome. First, it is a pharmaceutical 513 

technology to which regulatory agencies have to adapt. The inclusion of mRNA-based 514 

agents in the guidelines of these agencies will allow smoothing of these regulatory 515 

processes [104]. Second, the in situ production of the therapeutic protein can give rise to 516 

interpatient variability depending on the particular characteristics of the target tissue. This 517 

variability can lead to toxic concentrations of the protein of interest or expression levels 518 

below the therapeutic threshold in some of the patients. Other limitations that must be taken 519 

into account are possible toxicities due to accumulation of the components of the LNP. 520 

Development of safer and more effective formulations will be key for a broader success of 521 

this technology. Finally, transient expression is an inherent feature of this technology. 522 

Although this may be an advantage for the expression of highly potent (and toxic) 523 

molecules, the stable expression that can be achieved by gene therapy vectors such as 524 
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lentiviruses are generally considered an advantage in the field of adoptive transfer of T 525 

lymphocytes. 526 

All in all, in our opinion, the technology is ready for primetime, but further refinement in 527 

the delivery vectors will foster industrial interest and standardize feasible applications in 528 

cancer immunotherapy. In the case of antibodies and cytokines, mRNA technology will be 529 

especially suitable for: i) overcoming the pharmacokinetic limitations of cytokines or 530 

bispecific antibody fragments devoid of the Fc domain, ii) restraining the expression to the 531 

tumor tissue, limiting the systemic toxicity, and iii) allowing expression of synergistic 532 

combinations. In the field of adoptive T cell transfer, RNA-reprogramming overcomes 533 

some therapy-related limitations but intrinsically brings others. On the one hand, the use of 534 

RNA avoids the risk of insertional mutagenesis, and its transient nature blunts some of the 535 

toxicities. On the other hand, the mRNA expression half-life is not sufficient to induce 536 

durable effects in most instances. Thus, an optimal treatment regimen remains to be 537 

determined, including dose selection and number of T cell infusions, since multiple 538 

injections of CAR T cells may induce anaphylaxis, as learned from the meso-RNA-CAR-T 539 

cell clinical trial [94]. Moreover, the cost and regulatory constraints associated with 540 

manufacturing T cells ex vivo can be excessive, so transiently programming T cells in vivo 541 

may be an advantageous alternative.  542 

mRNA therapy is in its early infancy but offers room for improvements, sophistications, 543 

and discoveries that might make it the biotechnology of choice for novel approaches, 544 

including synergistic combinations. 545 

 546 
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 880 

9. Figure legends 881 

Figure 1. In vivo production of therapeutic antibodies by mRNA complexed in lipid 882 

nanoparticles. Systemic or local administration of lipid nanoparticles containing mRNA 883 

encoding different formats induces the expression of therapeutic levels of the antibodies. 884 

The lipid nanoparticles are internalized by endocytosis in the target cells. The lipid 885 

nanoparticles allow mRNA release to the cytosol, where it will be translated into the 886 

ribosome. The therapeutic antibody is secreted into the circulation, thus gaining access to 887 

the tumor microenvironment. 888 

 889 

Figure 2. Strategies to potentiate cytokine-based immunotherapy by intratumoral 890 

administration of mRNAs. Local injection of mRNA encoding cytokines, mixtures of 891 

cytokines, or fusion protein with attached cytokines have been evaluated for expression in 892 
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the tumor microenvironment. The mRNA technology allows local expression, extending 893 

tumor exposure to the cytokine and minimizing systemic adverse effects. 894 

 895 

Figure 3. RNA-based adoptive T cell transfer. T cells can be engineered in vivo by 896 

intravenous administration of T cell-directed nanoparticles loaded with in vitro transcribed 897 

mRNA. Once the cargo is released into the cytoplasm, it is translated into a CD19-specific 898 

or a ROR1-specific chimeric antigen receptor, reprogramming circulating T cells against 899 

leukemia and prostate tumors, respectively (left panel). Alternatively, T cells can be 900 

engineered ex vivo with RNA. T cells isolated from the patients by leukapheresis are 901 

expanded in vitro, and the mRNA is transfected. Modified T cells are then infused into the 902 

patient. Mb= membrane bound, ca= constitutively active. 903 

 904 

Table 1. mRNA-based cytokines in clinical trials. 905 
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Table 2. mRNA-based adoptive transfer strategies in clinical trials. 907 
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Table 1. mRNA-based cytokines in clinical trials. 
 

Trademark 
Therapy 

(delivery route) 
Indication(s) NCT Reference 

MEDI119 
LNP with IL-12 

mRNA (i.t.) 
Solid tumors NCT03946800 (I) 

Hewitt et al., 

2020 [62] 

mRNA-2752 

(Triplet) 

LNP with OX40L, 

IL23 and IL-36γ 

mRNA (i.t.) 

Relapsed/refractory solid tumor 

malignancies or lymphoma, TNBC, 

HNSCC, Non-Hodgkin lymphoma, 

urothelial cancer 

NCT03739931 (I) 
Patel et al., 

2020 [104] 

SAR44100 

(BNT131) 

scIL-12, IL-

15sushi, IFNα and 

GM-CSF mRNA 

(i.t.) 

Metastatic neoplasms 

NCT03871348 

(II, non-

randomized) 

Nguyen et 

al., 2020 

[60] 

 

Abbreviations: i.t., intratumoral; LNP, lipid nanoparticle; IL, interleukin; OX40L, OX40 

ligand; TNBC, triple-negative breast cancer; HNSCC, head and neck squamous cell carcinoma; 

sc, single-chain; IFN, interferon; GM-CSF, granulocyte-macrophage colony-stimulating 

factor. 

 
 



Table 2. mRNA-based adoptive transfer strategies in clinical trials. 
 

Trademark 
Therapy 

(delivery route) 
Indication(s) NCT Reference 

NA 
CD19 CAR-T 

cells (i.v.) 
Hodgkin lymphoma 

NCT02277522 (I) 

NCT02624258 (I) 

Svoboda et 

al., 2018 

[79] 

NA 
CD123 CAR-T 

cells (i.v.) 
Relapsed or refractory AML NCT02623582 (I) 

Cummins et 

al., 2018 

[105] 

NA 
Mesothelin CAR-

T cells (i.v.) 
Malignant pleural mesothelioma NCT01355965 (I) 

Zhao et al, 

2010 [86] 

NA 
Mesothelin CAR-

T cells (i.v.) 

Metastatic pancreatic ductal 

adenocarcinoma 
NCT01897415 (I) 

Beatty et al., 

2019 [96] 

NA 
c-MET CAR-T 

cells  (i.t.) 
Metastatic breast cancer, TNBC NCT01837602 (I) 

Tchou et al., 

2017 [97] 

NA 
c-MET CAR-T 

cells (i.v.) 
Melanoma, breast cancer NCT03060356 (I) 

Tchou et al., 

2017 [97] 



Descartes08 
BCMA CAR-T 

cells (NA) 
Multiple myeloma NCT03448978 (I) 

Lin et al., 

2021 [106] 

Descartes11 
BCMA CAR-T 

cells (NA) 
Multiple myeloma 

NCT04436029 (II) 

NCT03994705 (I/II) 

Lin et al., 

2021 [106] 

NA 
TGFβII CAR-T 

cells (i.v.) 
Colorectal cancer NCT03431311 (I/II) 

Inderberg et 

al., 2017 

[107] 

 

Abbreviations: NA, not available; i.v., intravenous; i.t., intratumoral; TNBC, triple-negative 

breast cancer; CAR-T, Chimeric antigen receptor T; AML, acute myeloid leukemia; c-MET, 

protein kinase Met; BCMA, B cell maturation antigen; CLL, B-cell chronic lymphocytic 

leukemia; NHL, B-cell non-Hodgkin's lymphoma; TGFβII, transforming growth factor-beta 

receptor Type II. 
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