
During the entire 20th century, chemotherapy and irradia-
tion were the mainstay of  non-surgical cancer treatment. 
In the past 20 years, however, cancer immunotherapy has 
been revolutionizing the field of  oncology with ever-in-
creasing pace. During this time, various molecular path-
ways have successfully been exploited to re-direct the 
immune system to fight cancer. This shift of  treatment 
paradigms was acknowledged by the Nobel committee, 
which awarded the 2018 Nobel Prize in Physiology or 
Medicine to James Allison and Tasuku Honjo for their dis-
coveries leading to the development of  checkpoint inhibi-
tors.1 A different approach, however, has gained wide-
spread attention inside as well as outside the medical 
community: the regulatory approval of  chimeric antigen 
receptor (CAR) T cells for the treatment of  leukemia and 
lymphoma in 2017. While the adoptive transfer of  geneti-
cally engineered human cells in clinical routine has been 
limited to individual indications, the unprecedented effi-
cacy of  genetically modified T cells in refractory patients 
was inconceivable a few years ago. The groundwork for 
the clinical implementation of  CAR T cells was laid in the 
past three decades in terms of  progress that was made in 
the fields of  immunology as well as in cellular and gene 
therapy. Here, we provide a brief  overview of  fundamental 
discoveries, from basic to translational research, that ulti-
mately led to the clinical approval of  CAR T cells for the 
treatment of  cancer patients. 

THE EARLY DAYS OF IMMUNOTHERAPY
The first documented case of  immunotherapy was performed 
by Dr William Coley, a bone surgeon and oncologist, in the 
1890s in New York. He documented a correlation between acci-
dental infections and spontaneous tumor regressions in cancer 
patients.2 Based on these retrospective observations, he success-
fully treated a 35-year old man with a terminal case of  neck 
cancer with repeated intra-tumoral injections of  live bacteria. 
Although, at that time, the function of  the immune system was 
barely recognized, experts today agree that the effect induced by 
Dr Coley should be considered as an early form of  immuno-

therapy. Despite these promising results, immunotherapeutic 
approaches were overtaken by developments in radio- and 
chemotherapy in the first half  of  the 20th century. The 
ground-breaking work of  Dr Old, who sought to treat cancer
by improving the body’s natural defenses against it, was there-
fore widely considered odd. Dr Old successfully performed 
intravesical injections of  Bacillus Calmette-Guérin (BCG), a live 
vaccine against tuberculosis, in patients with bladder cancer. 
This is considered to be the first direct demonstration that the 
immune system can be used against cancer, and today, BCG is 
approved for the treatment of  bladder cancer.3,4

T CELLS RECOGNIZE AND ATTACK CANCER
Starting from the 1950s, many of  the fundamental immunolog-
ical mechanisms were discovered, which have become textbook 
knowledge today. For instance, the thymus was recognized as an 
immunological organ in which T cells develop.5 The identifica-
tion of  protective immunity conveyed by lymphocytes against 
sarcoma cells in an experimental setting in 1960 added an unex-
pected aspect to the repertoire of  T cell functions.6 In human 
patients, T cells were observed to accumulate in cancer tissue, 
further indicating a surveillance function of  lymphocytes against 
malignantly transformed host cells. In the 1980s, Dr Steven 
Rosenberg from the National Institute of  Health (NIH) pio-
neered the field of  adoptive T cell transfer as he extracted 
tumor-infiltrating lymphocytes (TILs) from resected melano-
mas, expanded them in vitro and achieved durable remissions 
upon re-administration into patients (Figure 1).7,8 Despite the 
curative potential of  adoptively transferred TILs,8 the complex 
manufacturing process as well as the limited efficacy prevented 
a widespread clinical implementation of  this technic. Function-
ally, TIL-mediated recognition of  antigens relies on an endoge-
nous T cell receptor, which exhibits moderate affinity to cancer 
antigens and requires the presence of  major histocompatibility 
complex (MHC) molecules.9 Much later, tumor immune evasion 
mechanisms, such as the down-regulation of  MHC molecules 
or the up-regulation of  negative immune regulators on tumor 
cells were demonstrated to critically limit the anti-tumor func-
tions of  unmodified T-cells.10 
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With the knowledge gained from studying the human immuno-
deficiency virus (HIV), replication-defective retroviruses were 
developed as a novel method for gene transfer by the late 1980s. 
With this technology, foreign genes could be stably introduced 
into eukaryotic cells for the first time.11,12 Additionally, with the 
development of  polymerase-chain reaction (PCR), DNA 
sequencing and molecular cloning techniques, the generation of  
artificial/synthetic genes became possible. With these new pos-
sibilities, the idea of  combining the specificity of  antibodies 
with the effector strength of  T cells, using an intentionally 
designed and synthetically produced chimeric gene, was born. 
Kuwana et al., envisioned that the expression of  an antibody-like 
molecule on the surface of  T cells could be used to re-direct 
them against target cells in a non-MHC restricted manner.13 The 
design was subsequently refined by Eshhar et al.14 Albeit major 
differences existed in the design of  the artificial gene in these 
pioneering works in comparison to modern CAR T cells, Esh-
har’s modified cells were able to kill antigen-expressing target 
cells in vitro and thus provided evidence for the feasibility of  
targeted redirection of  T cells for the first time. Notably, these 
cells did not contain an intrinsic activation domain and depend-
ed on integration of  the CAR into the endogenous TCR com-
plex for signaling. In 1991, three separate reports introduced the 
intracellular CD3ζ chain as the activating domain in different 
chimeric constructs, which facilitated the CAR design and dras-
tically increased the activation potential.15–17 

HOW DOES CAR T CELL THERAPY WORK?
Patient-derived T cells are collected by leukapheresis ─ a pro-
cess used to separate white blood cells from whole blood. Sub-
sequently, T cells are activated in vitro by stimulation with anti-
body-coated beads that act as “artificial dendritic cells” (Figure 
2). Activated T cells are then infected with retroviral vectors, 
which stably integrate the CAR gene into the T cell genome. 
CAR expressing T cells are further expanded in vitro by stimula-
tion with recombinant growth factors (e.g. Interleukin-2) and 
transfused back into the patient. To prevent rejection of  CAR T 
cells by the recipient’s immune system, mild chemotherapy 
(“lymphodepletion”) is administered prior to CAR T cell infu-
sion.

FROM BENCH TO BEDSIDE
The current design of  CARs is derived from these reports and 
consists of  three different modules: an extracellular anti-
gen-binding domain (1) that is linked via a stalk and transmem-
brane part (2) to an intracellular signaling domain (3). In all clin-

ically relevant CAR constructs, the extracellular antigen-binding 
domain is formed by an antibody-like molecule, the so-called 
single-chain fragment variable (scFv). The design of  the trans-
membrane domain differs and the length of  the stalk must be 
optimized empirically for the respective antigen of  choice. The 
diverging biological properties of  different CAR T cells mainly 
result from the composition of  the intracellular signaling 
domain. A common feature of  all CAR T cell constructs is the 
incorporation of  a CD3ζ stimulation domain, which mediates 
signal transduction from the T cell receptor (TCR) to the intra-
cellular compartment in normal T cells.18 CAR T cells which 
only incorporated a CD3ζ chain in their signaling domain 
(first-generation CARs), demonstrated anti-cancer activity in vit-
ro but failed to persist and to induce long-term remissions in 
clinical trials despite exogenous application of  Interleukin-2.19 

To overcome these limitations, CARs have been gradually 
refined. Importantly, the addition of  co-stimulatory moieties in 
the signaling domain resulted in more robust and persistent 
CAR T cell activation. In fact, different co-stimulatory domains 
were introduced that imitate the activation mechanism of  nor-
mal T cells, which is generally considered a three-step process. 
The first signal is the ligation of  the TCR to an antigen-MHC 
complex on the surface of  antigen-presenting cells. The second 
signal is mediated by ligation of  a co-stimulatory molecule such 
as CD28 or CD137 (4-1BB) to their cognate ligands. These sig-
nals induce the synthesis of  cytokines such as interleukin (IL)-2, 
which are essential for T cell differentiation and survival (signal 
three). 

In seminal studies, Dr Michel Sadelain, Dr Hinrich Abken, Dr 
Weir, and Dr Roberts independently designed second-genera-
tion CAR T cells which incorporated a co-stimulatory CD28 
chain in the signaling domain.20,21 These cells conferred prolifer-
ative advantage over first generation CAR T cells as well as an 
increased release of  immunostimulatory cytokines, while main-
taining their cytolytic potential. Increased biological potency of  
anti-CD19 second-generation CD28-CD3ζ CAR T cells com-
pared to their first-generation counterparts became evident in 
pre-clinical models of  acute lymphoblastic leukemia (ALL).22 
With the potential of  expansion in vivo, the foundation for the 
use of  CAR T cells as “living drugs” was laid. Since then, sever-
al other co-stimulatory signals have been integrated into CARs 
including CD134/OX40, CD137/4-1BB and CD27.18 As men-
tioned before, the biological properties (i.e. cytokine release, T 
cell expansion and persistence) relate from the respective co-
stimulatory domain. Finally, multiple co-stimulatory domains 
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have been combined into a single construct (third-generation 
CARs). However, a clinical advantage of  these constructs is yet 
to be shown. 

Building on the promising pre-clinical data, first-in-human CAR 
T cell trials were initiated. The two initial studies, however, failed 
due to different reasons. CAR T cells targeting the ovarian can-
cer-associated antigen folate receptor alpha (FRα) were evaluat-
ed for the treatment of  patients with metastatic ovarian cancer.23 
Despite the manageable safety profile, responses were limited 
and not durable. In contrast, the infusion of  CAR T cells target-
ing the carboxy-anhydrase-IX (CAIX) in patients with metastat-
ic renal cell carcinoma (RCC) resulted in severe liver toxicities 
leading to treatment discontinuation in 2 out of  3 patients.24 
Therefore, it became evident that the choice of  target antigen 
was of  paramount importance for clinical effectivity of  CAR T 
cell therapy.

In 2003, Dr Sadelain’s group introduced CAR T cells targeting 
CD19, an antigen expressed by healthy and malignant B cells 
and thus set the stage for a revolutionary era in the treatment of  
hematological malignancies.25 On the basis of  convincing 
pre-clinical data, large academic cancer institutes in the USA 
subsequently initiated trials with anti-CD19 CAR T cells in dif-
ferent entities of  B cell malignancies such as B cell non-Hodgkin 
lymphoma (B-NHL) or adult and childhood B cell ALL 
(B-ALL). In all trials, unprecedented remission rates were 
achieved and many patients with highly refractory diseases were 
cured. In 2012, Emily Whitehead, a then 7-year old girl with 

relapsed, refractory B-ALL was successfully treated by Dr Carl 
June at the University of  Pennsylvania. Her story raised wide-
spread media attention and raised awareness for the potential of  
CAR T cell therapy. Emily Whitehead is now 14 years old and 
cancer free for 7 years. With her charity foundation, she sup-
ports the development of  novel therapies for childhood cancer.  

During these initial trials, however, it became evident that the 
anti-cancer efficacy of  CAR T cells comes at the price of  drastic 
systemic toxicities. The most frequently encountered 
adverse event is the cytokine release syndrome (CRS), a SIRS-
like systemic inflammatory syndrome that can be fatal and regu-
larly requires intensive care treatment. Glucocorticosteroids and 
the IL-6 antagonist tocilizumab can mitigate the toxicity and are 
now routinely administered in the clinical setting. Additionally, 
some patients develop a neurological deterioration, termed as 
CAR-related encephalopathy syndrome (CRES). These symp-
toms are preliminary in most cases but can be fatal in some. The 
underlying changes are poorly understood, and effective phar-
macological treatment options are not yet established. 

While the entire pre-clinical and early clinical development of  
CAR T cell therapy was driven by academic institutions, larger 
phase III trials required the financial potency and the logistics 
that only big pharmaceutical companies could provide. There-
fore, academic CAR constructs were licensed to Novartis (Uni-
versity of  Pennsylvania, tisagenlecleucel, Kymriah®) and Kite 
Pharma (National Cancer Institute, Axicabtagen-Ciloleucel, 
Yescarta). Results of  the ELIANA study26, the first global 
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Figure 1. Timeline depicting key events leading to the establishment of CAR T cells as a novel class of therapeutics. ALL, acute lymphoblastic leu-
kemia; CAR, chimeric antigen receptor; DLBCL, diffuse large B-cell lymphoma; EMA, European Medicines Agency; FDA, Food and Drug Administra-
tion; PMBCL, primary mediastinal large B-cell lymphoma; R/R, relapsed/refractory; TILs, tumor-infiltrating lymphocytes.
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CAR T cell registration trial in pediatric patients, showed that 
41 out 50 patients infused with anti-CD19 CAR T cells 
achieved complete and durable remissions. Based on these 
data, tisagenlecleucel received FDA approval for the treatment 
of  pediatric and young adult patients with refractory or 
relapsed B-ALL (Figure 1).27 Hence, tisagenlecleucel was the 
first genetically engineered cellular therapy to enter the market. 
In addition, the JULIET trial28 led to the approval of  tisagen-
lecleucel for the treatment of  adult patients with relapsed or 
refractory diffuse large B-cell lymphoma (DLBCL) in the USA 
and Europe.29 Similarly, based on the results of  the ZUMA-1 
trial30, axicabtagene ciloleucel gained approval for the treat-
ment of  patients with refractory DLBCL, primary mediastinal 
B-cell lymphoma or transformed follicular lymphoma (Figure 
1).31

CHALLENGES AND FUTURE DIRECTIONS
While clinical experience has validated the unprecedented 
therapeutic potential of  CAR T cell therapy to combat cancer, 
many challenges persist. For instance, concerns about long-
term safety of  genetically engineered cells and off-target toxic-
ity remain a topic of  debate. The frequency and the severity of  
adverse events such as infections, CRS and CRES limit CAR T 
cell therapy to patients that are otherwise refractory to conven-

tional treatment. The main problem with regards to toxicity is 
the lack of  control that treating physicians have over CAR T 
cells, once they are re-infused into the patients. Different 
methods to terminate the activity of  CAR T cells in case of  
toxicity or after successful treatment are therefore being devel-
oped. A simple approach would be the targeted depletion of  
CAR T cells with monoclonal or polyclonal antibodies. More 
elegant approaches use “switchable” CAR T cells that require 
an adapter molecule to recognize their targets. By modifying 
the extrinsic administration of  the adapter-molecule, physi-
cians would be able to fine-tune the CAR T cell response and 
adapt to the individual toxicity profile.32 Another main obstacle 
for the widespread clinical implementation of  CAR T cells, not 
only in developing countries, is the high financial burden that 
this therapy inflicts on the health care system. With a price 
range of  $371,000 −$475,000 for a single infusion, novel pric-
ing and reimbursement strategies need to be implemented. 
Additionally, different approaches exist to cut down the price 
tag of  CAR T cell manufacturing. For example, point-of-care 
production within academic centers or the development of  
allogeneic off-the-shelve CAR T cells that do not require the 
sophisticated logistics of  individualized products are promis-
ing concepts.
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CONCLUSIONS
CAR-T cells have emerged as a powerful new class of therapeutics that marked the beginning of a new era in cancer immuno-
therapy. Over decades, advances in both basic and translational research have contributed to the establishment of one of the 
first successful examples of “personalised medicine”. This has offered new hope for difficult-to-treat patients where conven-
tional therapies have been exhausted. Future developments will be needed to improve the safety of CAR-T cells, expand the 
spectrum of cancer types that may benefit from CAR-T cell therapy (i.e. solid tumours) and increase reliability through the 
implementation of more standardised manufacturing protocols. Finally, as discussed above, cost will be a crucial aspect to take 
into account.  Moving towards this direction, the advent of new genome-editing tools may contribute to facilitate the develop-
ment of more “universal” CAR-T cells, which could be compatible with anyone. In this way, genes responsible for the graft-ver-
sus-host reactions could be selectively inactivated in the CAR-T cells. Consequently, these allogeneic approaches may mitigate 
costs and shorten the time of manufacturing by circumventing the need of engineering separately each patient’s cells.26 
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CONCLUSIONS
CAR T cells have emerged as a powerful new class of  therapeutics and have marked the beginning of  a new era in 
cancer immunotherapy. Over decades, advances in both basic and translational research have contributed to the 
successful development of  one of  the first examples of  truly “personalized medicine”. To date, progress in the 
CAR T cell field has offered new hope for terminally ill patients, who were refractory to conventional therapies. 
Future developments will certainly improve the safety of  CAR T cells and expand the spectrum of  targetable can-
cer types, especially in the field of  solid oncology. Finally, a significant reduction of  manufacturing costs will be a 
premise to enable widespread implementation of  this technology outside as well as inside highly industrialized 
countries. In this context, the development of  “universal” CAR T cells that are produced from healthy donors and 
used as “off-the-shelf-product” might mitigate costs and shorten the time span until patients can receive the poten-
tially life-saving cells.26 

healthbook TIMES Oncology Hematology

1. The Nobel Prize in Physiology or Medicine 2018. The Nobel Prize. [Accessed May 2019]. Available from: https://www.nobelprize.org/prizes/medicine/2018/summary/. 2. Monday MT. Immunother-
apy: Revolutionizing Cancer Treatment since 1891. Memorial Sloan Kettering Cancer Center. [Accessed May 2019]. Available from: https://www.mskcc.org/blog/immunotherapy-revolutionizing-can-
cer-treatment-1891. 3. Morales A et al. Intracavitary Bacillus Calmette-Guerin in the treatment of superficial bladder tumors. J Urol. 1976; 116 (2): 180–3. 4. Morales A. BCG: A throwback from the stone 
age of vaccines opened the path for bladder cancer immunotherapy. Can J Urol. 2017; 24 (3): 8788–93. 5. Watts G. Jacques Miller: immunologist who discovered role of the thymus. Lancet. 2011; 
378(9799): 1290. 6. Klein G et al. Demonstration of resistance against methylcholanthrene-induced sarcomas in the primary autochthonous host. Cancer Res. 1960; 20: 1561–72. 7. Spiess PJ et al. In 
vivo antitumor activity of tumor-infiltrating lymphocytes expanded in recombinant interleukin-2. J Natl Cancer Inst. 1987; 79(5): 1067–75. 8. Rosenberg SA et al. Use of tumor-infiltrating lymphocytes 
and interleukin-2 in the immunotherapy of patients with metastatic melanoma. A preliminary report. N Engl J Med. 1988; 319(25): 1676–80. 9. Aleksic M et al. Different affinity windows for virus and 
cancer-specific T-cell receptors: implications for therapeutic strategies. Eur J Immunol. 2012; 42(12): 3174–9. 10. Vinay DS et al. Immune evasion in cancer: Mechanistic basis and therapeutic strategies. 
Semin Cancer Biol. 2015; 35 Suppl: S185–98. 11. Keller G et al. Expression of a foreign gene in myeloid and lymphoid cells derived from multipotent haematopoietic precursors. Nature. 1985; 318(6042): 
149–54. 12. Sadelain M, Mulligan RC. Efficient transduction of murine primary T lymphocytes. International Congress of Immunology, Magyar Immunológiai Társaság, International Union of Immunolog-
ical Societies; August 23–28, 1992; Budapest, Hungary. 13. Kuwana Y et al. Expression of chimeric receptor composed of immunoglobulin-derived V regions and T-cell receptor-derived C regions. Bio-
chem Biophys Res Commun. 1987; 149(3): 960–8. 14. Gross G et al. Expression of immunoglobulin-T-cell receptor chimeric molecules as functional receptors with antibody-type specificity. Proc Natl 
Acad Sci USA. 1989; 86(24): 10024–8. 15. Irving BA, Weiss A. The cytoplasmic domain of the T cell receptor zeta chain is sufficient to couple to receptor-associated signal transduction pathways. Cell. 
1991; 64(5): 891–901. 16. Romeo C, Seed B. Cellular immunity to HIV activated by CD4 fused to T cell or Fc receptor polypeptides. Cell. 1991; 64(5): 1037–46. 17. Letourneur F, Klausner RD. T-cell 
and basophil activation through the cytoplasmic tail of T-cell-receptor zeta family proteins. Proc Natl Acad Sci USA. 1991; 88(20): 8905–9. 18. Zhang C et al. Engineering CAR-T cells. Biomark Res. 2017; 
5: 22. 19. Till BG et al. Adoptive immunotherapy for indolent non-Hodgkin lymphoma and mantle cell lymphoma using genetically modified autologous CD20-specific T cells. Blood. 2008; 112(6): 
2261–71. 20. Finney HM et al. Chimeric receptors providing both primary and costimulatory signaling in T cells from a single gene product. J Immunol. 1998; 161(6): 2791–7. 21. Hombach A et al. 
Tumor-specific T cell activation by recombinant immunoreceptors: CD3 zeta signaling and CD28 costimulation are simultaneously required for efficient IL-2 secretion and can be integrated into one 
combined CD28/CD3 zeta signaling receptor molecule. J Immunol. 2001; 167(11): 6123–31. 22. Brentjens RJ et al. Genetically targeted T cells eradicate systemic acute lymphoblastic leukemia xeno-
grafts. Clin Cancer Res. 2007; 13(18 Pt 1): 5426–35. 23. Kershaw MH et al. A phase I study on adoptive immunotherapy using gene-modified T cells for ovarian cancer. Clin Cancer Res. 2006; 12(20 Pt 
1): 6106–15. 24. Lamers CHJ et al. Treatment of metastatic renal cell carcinoma with autologous T-lymphocytes genetically retargeted against carbonic anhydrase IX: first clinical experience. J Clin Oncol. 
2006; 24(13): e20–2. 25. Brentjens RJ et al. Eradication of systemic B-cell tumors by genetically targeted human T lymphocytes co-stimulated by CD80 and interleukin-15. Nat Med. 2003; 9(3): 279–86. 
26. Maude SL et al. Tisagenlecleucel in Children and Young Adults with B-Cell Lymphoblastic Leukemia. N Engl J Med. 2018; 378(5): 439–48. 27. KYMRIAH®. Approval letter. FDA 2017. [Accessed May 
2019]. Available from: https://www.fda.gov/media/106989/download. 28. Schuster SJ et al. Tisagenlecleucel in Adult Relapsed or Refractory Diffuse Large B-Cell Lymphoma. N Engl J Med. 2019; 380(1): 
45–56. 29. KYMRIAH®. Supplement approval. FDA 2018. [Accessed May 2019]. Available from: https://www.fda.gov/media/112803/download. 30. Locke FL et al. Long-term safety and activity of 
axicabtagene ciloleucel in refractory large B-cell lymphoma (ZUMA-1): a single-arm, multicentre, phase 1–2 trial. Lancet Oncol. 2019; 20(1): 31–42. 31. Yescarta®. Approval letter. FDA 2018. [Accessed 
May 2019]. Available from: https://www.fda.gov/media/108458/download. 32. Rodgers DT et al. Switch-mediated activation and retargeting of CAR-T cells for B-cell malignancies. Proc Natl Acad Sci 
USA. 2016; 113(4): E459–68. 33. Lim WA, June CH. The Principles of Engineering Immune Cells to Treat Cancer. Cell. 2017; 168(4): 724–40. 

The CAR T Cell Story

hb TIMES Onco Hema healthbook.ch September 10, 2019

To date, clinical efficacy of  CAR T cell therapy is largely limited 
to hematological malignancies of  the B and plasma cell lineage. 
Other hematological cancers such as myelodysplastic syndrome 
or acute myeloid leukemia (AML) are more difficult to target 
due to toxicity against healthy hematopoietic stem and progeni-
tor cells (HSPC). Even more difficult is the translation of  CAR 
T cell therapy for the treatment of  solid cancers. In addition to 
the identification of  targetable tumor antigens, impaired access 
of  CAR T cells into the tumor as well as the immunosuppressive 
tumor microenvironment are major challenges that still need to 
be overcome.33 

In summary, despite certain drawbacks, the CAR T cell story is 
a paradigm for the successful translation of  advancements in 
basic science for the benefit of  critically ill patients. In turn, the 
unprecedented efficacy of  this therapy in the clinical setting has 
had a fundamental impact on the cancer research community. 
With lessons learned under “real-world” conditions, scientists 
around the globe are now working on improving CAR T cell 
constructs by lowering toxicity profiles, improving control 
options or reducing manufacturing costs. With the ever-increas-
ing pace of  scientific discoveries, the future of  immunotherapy 
in general and adoptive CAR T cell therapy in particular remains 
to be exciting.


