
CAR-T cells and bispecific antibodies: 
mechansisms of action and toxicities

Prof.ssa Chiara Bonini
Experimental Haematology Lab

San Raffaele Scientific Institute - Milano



Mechanisms of Action of Bispecific Antibodies



Bi-specific antibodies



Innovative bispecific Antibodies
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Living Drugs



Chimeric antigen receptors

8Innovative Immunotherapies Unit

Key advantages
o Independency from MHC restriction
o Targeting of proteins, sugars, lipids
o Multiple effector mechanisms
o Living drugs (expansion, memory)

Eshhar Z et al, 
PNAS 1993

Majzner, et al Nat Med 2019



Chimeric Antigen Receptor (CAR)



CAR Generations



Therapy with CAR-T cells



CAR-T vs. BITEs



Mechanism of action of CAR-T



Approved CAR-T cell therapies

Strong interaction between academia and industries
B-cell lymphoma: around 50% of CR in relapsed/refractory patients



CAR-T cell therapy “challenges”



Ø Confirms the strong immune pressure exerted by CAR T cells
Ø Highlights that malignant cells can find ways of evading this pressure

Antigen loss

Grupp et al, NEJM 2013 De Via et al, Nat Med 2021

CD19 BCMA



Mechanisms of CD19 loss/decrease

Innovative Immunotherapies Unit

1. Genomic alterations
Mutations impeding surface exposure

2. Alternative splicing
Exon 2 skipping impeding surface exposure

3. Lineage switch
Myeloid conversion with loss of B-cell markers

4. Trogocytosis
Antigen transfer to CAR-T cells that lead to post-transcriptional 
down-modulation in tumor cells

Orlando et al, Nat Med 2018; Sotillo et al, Cancer Discovery 2015; Grupp et al, NEJM 
2013; Jacoby et al, Nature Comm 2016; Hamieh et al, Nat Med 2019



How can we overcome antigen loss?

Innovative Immunotherapies Unit

Combinatorial targeting of multiple antigens at once Majzner and MackallMINI REVIEW

1222 | CANCER DISCOVERY"OCTOBER  2018 www.aacrjournals.org

blinatumomab-mediated T-cell killing drives meaningful 
induction of immune responses to coexisting immunogenic 
targets on B-ALL, sometimes referred to as “epitope spreading.” 
This may reflect the relative low tumor mutational burden in 
B-ALL, which likely limits inherent immunogenicity of this 
disease (34, 42). In addition, the use of lymphodepleting agents 
prior to adoptive transfer of T cells could blunt the native 
immune response as host T cells are depleted, similar to what 
has been observed in murine models. In one study, Pmel-1 T 
cells recognizing gp100 were adoptively transferred to lym-
phopenic versus lymphoreplete mice bearing B16 melanomas. 
This therapy was found to be more effective in lymphoreplete 
animals, largely due to enhanced epitope spreading (43).

Thus far, the degree to which epitope spreading is induced 
by CAR T cells has been incompletely studied. In a murine CAR 
model targeting EGFR, mice that were cured of EGFR+ tumors 
by EGFR CAR T cells later rejected EGFR− tumors when rechal-
lenged (44). This elegant model demonstrated that epitope 
spreading can be induced by CAR T cells, but it is unclear to 
what extent this occurs in human studies and whether the 
incidence of this phenomenon might be more common if 
effective CAR-based therapeutics were used to target tumors 
with higher inherent immunogenicity. One clinical trial of a 
CAR targeting mesothelin did find that patients who received 
CAR T cells also developed an antitumor antibody response 
(45). It is possible that combining CAR T cells with radiation 
(46), checkpoint inhibition (47–49), vaccines (50, 51), or other 
immune agonists (34, 52) will result in epitope spreading that 
could help counter immune escape, and we anticipate such 
studies will emerge as the field matures.

Another approach to overcoming antigen loss following CAR 
T-cell therapy is to simultaneously target more than one antigen 
on cancer cells, an approach that is compelling for B-ALL, given 
that CD22 CAR T cells have also demonstrated substantial 

clinical efficacy (53). There are several ways to engineer a T-cell 
product for multispecificity (Fig. 2). T-cell products that are 
separately transduced for different CARs can be simultaneously 
or sequentially administered (“coadministration”; Fig. 2; ref. 54), 
or vectors for two CARs can be combined during cell production 
to achieve a mixed product with some cells that are positive for a 
single CAR and others that are positive for both CARs (“cotrans-
duction”; Fig. 2). The disadvantages of these approaches are the 
high cost of producing multiple vectors and the heterogeneity 
of the infused product, which can complicate clinical analysis.

A CAR molecule itself can also be engineered to recog-
nize multiple antigens. This can be accomplished by link-
ing two binders on a single molecule (“tandem CAR”; Fig. 
2), which appears, in some cases, to enhance the strength 
of the immune synapse. Hegde and colleagues developed 
a tandem CAR that can simultaneously target both HER2 
and IL13Rα2. They demonstrated enhanced potency and 
antitumor activity in vivo when two CARs were expressed as a 
single molecule compared with expressing two separate CARs 
individually on each T cell or coinfusing two populations of 
cells, each expressing a monospecific receptor (55). In design-
ing so-called tandem CARs, the position of the target antigen 
should determine how each binder is oriented relative to the 
membrane. For instance, in a study of a tandem CD19-CD20 
bispecific CAR, the authors found that given the proximal 
location of CD20 to the cell membrane, the anti-CD20 ScFv 
needed to be in the distal position in the CAR molecule (56).

Alternatively, two or three separate CARs can be expressed 
on a single T cell using a single vector by taking advantage 
of ribosomal skip sequences or internal ribosomal entry 
sites (“bicistronic CAR”; Fig. 2). Recently, a trivalent vector 
encoding three independent CARs, each targeting a different 
antigen on glioblastoma, was described (57). It is likely that 
over the next several years, multiple methods for creating 

Figure 2.  Engineering CAR T-cell multispecificity. CAR T-cell products can be made multispecific in several ways. A single vector encoding two 
independent CAR molecules separated by a ribosomal skip sequence can be used to make a “bicistronic CAR T cell.” Alternatively, a bivalent “tandem CAR” 
that recognizes two different antigens can be engineered. This can result in enhanced function when both antigens are engaged. More expensive and 
labor-intensive is producing two separate CAR T-cell products and administering them together or sequentially to a patient (“coadministration”). Alterna-
tively, T cells can be modified with two separate vectors to achieve a mixed product in which some T cells express both CARs but others express only one 
(“cotransduction”). This method is more expensive and results in a heterogeneous T-cell product.

Bicistronic CAR T cell Tandem CAR T cell Coadministration Cotransduction

A single vector encodes two
independent CAR molecules,

each recognizing different targets 

A single vector encodes a
bivalent CAR molecule that can
recognize two different targets 

CAR T-cell products for two different
targets are prepared separately but

administered together or sequentially 

T cells are modified with two
separate vectors, resulting

in a mixed product

Research. 
on October 25, 2019. © 2018 American Association for Cancercancerdiscovery.aacrjournals.org Downloaded from 
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Efficacy determinants

Innovative Immunotherapies Unit

oChoice of the target antigen 
oCAR-T cell functionality, expansion and persistence

Locke et al, NEJM 2019 Schuster, NEJM 2019



CAR-T cell manufacturing
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Early memory CAR-T cell products
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Early memory T cells

Fraietta et al, Nat Med 2018
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and performed RNA-sequencing-mediated transcriptome analy-
sis (Supplementary Table  5a,b). After anti-CD19-specific CAR 
stimulation, CAR T cells from CR and PRTD patients exhibited a 
significantly more robust increase in T cell activation genes (mean 
49-fold induction) than did CAR T cells from PR and NR patients 
(mean 16-fold induction; Fig. 3d). As another parameter of how T 
cell intrinsic fitness may be associated with therapeutic efficacy, 
we evaluated the profiles of cytokines and chemokines produced 
from CTL019 cells derived from CR, PRTD, PR and NR patient 

infusion products after CAR stimulation. CD19-directed T cells 
generated from CR and PRTD subjects, compared with PR and NR 
subjects showed higher levels of STAT3 signaling mediators and 
targets, including IL-6, IL-17, IL-22, IL-31 and CCL20, a find-
ing consistent with IL-6/STAT3-pathway upregulation in evalu-
able CR and PRTD patient CTL019 cells that were CAR stimulated 
(Fig. 3f). These findings suggest that activation of STAT3 in CAR 
T cells might be involved in the generation of potent, less-differ-
entiated T lymphocytes15,18,19.
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patients who had received an autologous stem cell transplantation 
before their CAR T cell therapy (Supplementary Fig. 3). Patients 
with poor responses had moderately reduced T cell receptor (TCR) 

clonotypic diversity (Extended Data Fig. 6), but higher rates of the 
CD8 T cell exhaustion signature were not due to the presence of 
highly expanded and exhausted clonotypes. Rather, each clonotype 
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Efficacy determinants

o Choice of the target antigen (antigen loss)
o CAR-T cell functionality, expansion and persistence in patients

Ø CAR endocostimulation: presence, type and position
Ø CAR design: signal strength, tonic signaling, anti-CAR 

responses
Ø CAR-T cell memory differentiation status
Ø CAR-T cell CD4/CD8 ratio
Ø CAR-T cell exhaustion: expression of inhibitory/senescence 

markers
Ø Presence and frequency of CAR-Tregs
Ø Lymphodepleting chemotherapy
Ø Intrinsic T-cell defects: underlying disease and previous 

treatments)
Ø Immunosuppressive tumor microenvironment 



CAR-T cell therapy “challenges”



On-target off-tumor toxicity

o Damage of heathy tissues expressing the target antigen
o Relevant: tumor-specific antigens are rare
o Severity depends on how vital, accessible, widespread the tissue is
o Particularly dangerous for solid tumors



Logic gating strategies

Flugel CL et al, Nat Rev Clinical Oncol 2023

AND
Split CAR

NOT
Inhibitory CAR IF, THEN (TAA-based)

Syn-Notch circuits

IF, THEN (TME-based)
pH, hypoxia, cleavage…



Cytokine release syndrome

Teachey et al. Cancer Discovery 2016
Hay et al. Blood 2018

o Systemic inflammatory reaction 
fever, hypotension, hypoxia, capillary leak, coagulopathy

o Rapid onset within a few days after CAR-T cell infusion
o Reported with different CARs and tumor types 
o Potentially life-threatening
o Its severity is associated with high tumor burdens



Kinetics of AEs associated with CAR T cell therapy

1. Lee DW, et al. Blood 2014; 124:188–195. 2. Yescarta SmPC (May 2019; available at www.ema.europa.eu).
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CRS pathophysiology

o Initiated by CAR-T cells activation upon antigen engagement
o Which other cellular compartments are involved?

à Development of animal models recapitulating CRS development

ARTICLES
https://doi.org/10.1038/s41591-018-0036-4

1Innovative Immunotherapies Unit, San Raffaele Hospital Scientific Institute, Milano, Italy. 2Vita-Salute San Raffaele University, Milano, Italy. 3Genomics 
of the Innate Immune System Unit, San Raffaele-Telethon Institute for Gene Therapy (SR-Tiget), Milano, Italy. 4Pathology Unit, San Raffaele Hospital 
Scientific Institute, Milano, Italy. 5San-Raffaele-Telethon Institute for Gene Therapy (SR-Tiget), Milano, Italy. 6Molmed Spa, Milano, Italy. 7Hematology and 
Bone Marrow Transplantation Unit, San Raffaele Hospital Scientific Institute, Milano, Italy. 8Experimental Hematology Unit, San Raffaele Hospital Scientific 
Institute, Milano, Italy. *e-mail: attilio.bondanza@gmail.com

Genetically engineering T cells modified with CARs repre-
sents a highly sophisticated and radically innovative method 
for treating cancer. The basic structure of a CAR usually 

comprises a tumor-targeting domain derived from a monoclonal 
antibody fused to the CD3 zeta chain and a CD28 (refs 1–3) or a 
4-1BB4,5 costimulatory endodomain. In first-in-man studies, CD19-
specific CAR T cells showed remarkable antitumor efficacy against 
B cell malignancies. More recently, two distinct Food and Drug 
Administration (FDA) approvals have paved the way to a wider clin-
ical availability of CD19 CAR T cell therapy6,7. Unfortunately, this 
unprecedented efficacy is accompanied by long-lasting B cell apla-
sia, and most importantly, by severe CRS. Clinical manifestations 
of severe CRS (high fever, increased levels of acute-phase proteins 
and respiratory and cardiovascular insufficiency) typically develop 
within the first days after infusion and, if left untreated, may lead to 
death8. Recognized factors for life-threatening CRS are tumor bur-
den8 and in vivo peak expansion of CAR T cells promoted by prior 
lymphodepletion9,10. CRS responsiveness to the anti-IL-6 receptor 
(IL-6R) monoclonal antibody tocilizumab as well as correlative bio-
marker studies8,11 point to a key role for IL-6 signaling in the patho-
genesis of this syndrome. A revised grading system has been also 
proposed with the aim of prospectively identifying patients at high 
risk for severe CRS and for guiding targeted interventions12.

Another increasingly reported toxicity by CD19 CAR T cells 
involves the central nervous system (CNS). Signs of neurological 
dysfunction often develop during CRS but usually subside after 
its resolution. Nonetheless, a delayed and potentially lethal form 

of neurotoxicity has been reported days to weeks after disappear-
ance of CRS signs7,9,13. Interestingly, neurotoxicity by CD19 CAR 
T cells is seemingly more frequent in acute lymphoblastic leuke-
mia (ALL) and, at odds with initial conjectures, appears to occur 
independently from leukemic CNS localization. As neurotoxicity 
is also frequently observed with the CD19–CD3-bispecific mono-
clonal antibody blinatutomab14, some authors have speculated that 
neurotoxicity might be, for some reasons, specifically linked to the 
CD19 target antigen. Interestingly preliminary clinical experience 
suggests that, although effective in CRS management, tocilizumab 
may fail at preventing delayed neurotoxicity9,13.

Currently available preclinical xenograft mouse models are 
poorly predictive of the clinical behavior of CAR T cells owing 
to the lack of bystander human hematopoiesis and to the almost 
invariant development of xenogeneic graft-versus-host disease 
(X-GVHD)15,16. Most importantly, these models fail at reproducing 
severe CRS and lethal neurotoxicity, and as tocilizumab does not 
cross-react with mouse IL-6R, it cannot be used to address potential 
hindrance with antitumor efficacy. In this study, we have established 
a new xenotolerant mouse model recapitulating all major toxicities 
induced by CD19 CAR T cells in humans, including long-lasting  
B cell aplasia, severe CRS and lethal neurotoxicity, and we took 
advantage of this model to shed new light on the mechanisms 
underlying these toxicities. The results obtained address funda-
mental questions in the CAR T cell field, such as whether similar 
toxicities are observed with other antigens besides CD19, whether 
pharmacological prophylaxis or treatment hampers antileukemic 

Monocyte-derived IL-1 and IL-6 are differentially 
required for cytokine-release syndrome and 
neurotoxicity due to CAR T cells
Margherita Norelli1,2, Barbara Camisa1, Giulia Barbiera3, Laura Falcone1, Ayurzana Purevdorj1,  
Marco Genua3, Francesca Sanvito4, Maurilio Ponzoni4, Claudio Doglioni! !4, Patrizia Cristofori5,  
Catia Traversari6, Claudio Bordignon2,6, Fabio Ciceri2,7, Renato Ostuni3, Chiara Bonini2,8,  
Monica Casucci1 and Attilio Bondanza1,2*

In the clinic, chimeric antigen receptor–modified T (CAR T) cell therapy is frequently associated with life-threatening cytokine-
release syndrome (CRS) and neurotoxicity. Understanding the nature of these pathologies and developing treatments for them 
are hampered by the lack of appropriate animal models. Herein, we describe a mouse model recapitulating key features of CRS 
and neurotoxicity. In humanized mice with high leukemia burden, CAR T cell–mediated clearance of cancer triggered high fever 
and elevated IL-6 levels, which are hallmarks of CRS. Human monocytes were the major source of IL-1 and IL-6 during CRS. 
Accordingly, the syndrome was prevented by monocyte depletion or by blocking IL-6 receptor with tocilizumab. Nonetheless, 
tocilizumab failed to protect mice from delayed lethal neurotoxicity, characterized by meningeal inflammation. Instead, the IL-1 
receptor antagonist anakinra abolished both CRS and neurotoxicity, resulting in substantially extended leukemia-free survival. 
These findings offer a therapeutic strategy to tackle neurotoxicity and open new avenues to safer CAR T cell therapies.
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Chimeric antigen receptor (CAR) therapy targeting CD19 is an 
effective treatment for refractory B cell malignancies, espe-
cially acute lymphoblastic leukemia (ALL)1. Although a major-
ity of patients will achieve a complete response following a 
single infusion of CD19-targeted CAR-modified T cells (CD19 
CAR T cells)2–4, the broad applicability of this treatment is 
hampered by severe cytokine release syndrome (CRS), which 
is characterized by fever, hypotension and respiratory insuf-
ficiency associated with elevated serum cytokines, includ-
ing interleukin-6 (IL-6)2,5. CRS usually occurs within days of 
T cell infusion at the peak of CAR T cell expansion. In ALL, it 
is most frequent and more severe in patients with high tumor 
burden2–4. CRS may respond to IL-6 receptor blockade but can 
require further treatment with high dose corticosteroids to 
curb potentially lethal severity2–9. Improved therapeutic and 
preventive treatments require a better understanding of CRS 
physiopathology, which has so far remained elusive. Here we 
report a murine model of CRS that develops within 2–3 d of 
CAR T cell infusion and that is potentially lethal and respon-
sive to IL-6 receptor blockade. We show that its severity is 
mediated not by CAR T cell–derived cytokines, but by IL-6, 
IL-1 and nitric oxide (NO) produced by recipient macrophages, 
which enables new therapeutic interventions.

To model CAR T cell–induced CRS in mice, we aimed to establish 
conditions whereby CD19 CAR T cells would engage a high tumor 
burden and initiate CRS within a few days, as is commonly observed 
in the clinical setting2,3,9,10. Whereas CRS could not be induced in 
mice with medullary disease, intraperitoneal tumor growth allowed 
for a sufficient tumor burden to accumulate and for severe CRS to 
develop in SCID-beige mice within 2–3 d of CAR T cell adminis-
tration (Fig. 1a). Human 1928z CAR T cells reproducibly elicited 
an acute inflammatory response associated with reduced activity, 
general presentation of malaise, piloerection, weight loss (Fig. 1b) 
and eventual mortality (Fig. 1c). Remarkably, the serum cytokine 
profile elicited in these mice was highly similar to that reported 
in clinical studies2,11,12 (matching 18 out of 19 reported cytokines; 
Supplementary Table 1). Serum levels of the murine equiva-
lent of C-reactive protein (CRP), serum amyloid A3 (SAA3)13,14  
(Fig. 1d), and IL-6 (Fig. 1e and Supplementary Fig. 1a) increased as 
was observed in the clinic2,3,10, as did several other proinflammatory 
cytokines (Fig. 1e and Supplementary Fig. 1a)13,14. The overall levels 
of these cytokines, including mouse IL-6 (mIL-6), mouse chemo-
kine (C–C motif) ligand 2 (mCCL2), mouse granulocyte colony–
stimulating factor (mG-CSF), human interferon-γ  (hIFN-γ ), hIL-3, 

human granulocyte–macrophage-CSF (hGM-CSF) and hIL-2, cor-
related strongly with CRS severity and survival (Fig. 1e). Taking 
advantage of the xenogeneic nature of this model to discern the T 
cell or host cell origin of these cytokines and chemokines, we dem-
onstrated that some cytokines, such as IFN-γ  and GM-CSF, were 
products of human CAR T cells, whereas others, such as IL-6, were 
produced by endogenous mouse cells (Fig. 1f and Supplementary 
Fig. 1b). This finding establishes that the CRS cytokine signature is 
the result of a multicellular network and not merely a binary tumor–
CAR T cell interaction. Furthermore, the lack of activity of hIFN-γ  
and hGM-CSF on the mouse cognate receptor (Supplementary 
Table 2) indicates that other CAR T cell–derived cytokines and/
or CAR T cell activities account for CRS. Although dispensable in 
this model, T cell–derived IFN-γ  and GM-CSF may yet contribute 
to CRS in other settings. Consistent with clinical CRS11, IL-15 was 
not differentially elevated upon CAR transfer (Supplementary Fig. 
1c). In accordance with clinical experience2,3,9,10, treating mice with 
a mIL-6R-blocking antibody prevented CRS-associated mortality 
(Fig. 1g and Supplementary Fig. 1d).

Histopathological analyses performed 2 and 5 d after CAR T cell 
infusion did not reveal any evidence of graft-versus-host disease 
(GVHD) or tissue destruction (Supplementary Fig. 2), consistent 
with the initiation of this inflammatory response following tumor 
recognition by CAR T cells as well as the full recovery of mice sur-
viving CRS. Histopathological examination of the central nervous 
system (CNS) and meninges at 1, 2 and 5 d after CAR T cell transfer 
did not reveal morphological evidence of acute damage or toxicity 
(Supplementary Fig. 3), consistent with the absence of overt neu-
rological symptoms (seizures, limb dyskinesia or paralysis). None 
of the reported pathologic findings indicative of neuropathology15 
or associated with neurotoxicity (cortical laminar necrosis, hem-
orrhages, disseminated intravascular coagulation (DIC), gliosis or 
vasogenic, neurotoxic or interstitial edema) in human patients16 
were observed in any of the mice examined in the present study. 
The occurrence of subclinical functional alterations or ultrastruc-
tural morphological changes cannot be excluded. Mice surviving 
CRS rapidly returned to a highly active state, akin to healthy, tumor-
free mice. No clinical neurological anomalies were noted until mice 
were euthanized because of tumor progression.

The high serum levels of mIL-6, a predominantly myeloid-derived 
cytokine, together with the presence of tumor-infiltrating myeloid 
cells (Fig. 2a) prior to CAR T cell transfer and more so thereafter 
led us to hypothesize that tumor-associated myeloid cells are closely 
linked with the induction of CRS. Only after infusion of CAR T 

CAR T cell–induced cytokine release syndrome  
is mediated by macrophages and abated by  
IL-1 blockade
Theodoros Giavridis! !1, Sjoukje J. C. van der Stegen! !1, Justin Eyquem1, Mohamad Hamieh1, 
Alessandra Piersigilli2 and Michel Sadelain1*
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Efficacy and CAR-related Toxicities

Humanized model for CAR-T

Adapted from Norelli M et al, Nat Med 2018
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CRS initiating cascade

Ronney and Sauer, Nat Med 2018 

CAR-T cells release
perforin to form pores,
leading to the entry of
granzyme B into target
tumor cells, which
causes the subsequent
activation of GSDME and
pyroptosis (programmed
necrotic cell death)

Proptosis supernatants
contain ATP and HMGB1
that induce
macrophages to release
IL-1b and IL-6,
respectively

Liu Science Immunol
2020



Neurotoxicity (NTX)

“Disorder in which the involvement of the central nervous system that follows any
immune therapy that results in the activation or engagement of endogenous or
infused T cells and/or other immune effector cells”

o Reported with different CARs and tumor types
o Potentially life-threatening (cerebral hemorrhage and edema)
o It is strictly related to CRS (development and severity)



Neurotoxicity pathophysiology

1. Well accepted

2. Still debated



CRS and neurotoxicity management

o Tocilizumab
Anti-IL-6R antibody
Active against CRS
Unable to control neurotoxicity in most of patients

o Corticosteroids
At high-doses can be detrimental for efficacy

The search for strategies 
to mitigate these toxicities is extremely active



Mitigating CRS and neurotoxicity

1. Early intervention in patients at risk of developing severe toxicities 
Identification of predictive biomarkers

2. Cytokine inhibitors
IL-6, IL-1, GM-CSF, catecholamine

3. On/off switches
Pharmacological control over CAR T-cell activity (drugs or CAR designs)



Hematopoietic toxicity(ICATH)



On/off switches to mitigate toxicity

Short treatment with Dasatinib can 
rapidly and temporary switch-off 

CAR T-cell function

CAR constructs able to induce full T-cell 
activation only upon administration of 

a dimerizing agent 

Rafiq et al, Nat Rev Clinical Oncol 2020



Allogeneic platform: pros

Innovative Immunotherapies Unit

“Off-the-shelf” CAR products from healthy donors

Ø Overcome patients’ T-cell defects
Ø Simplifying manufacturing and reducing costs
Ø Making the treatment accessible to lymphopenic patients 
Ø Speeding up drug administration (rapidly-progressing diseases)

Dimitri A, Molecular Cancer 2022; Wagner DL, Nat Rev 
Clinical Oncol 2021; Depil S, Nat Rev Drug Discov 2020



Allogeneic platform: cons
“Off-the-shelf” CAR products from healthy donors

ØHost-versus-Graft reaction, rejection (Problem: efficacy)
ØGraft-versus-Host Disease, GvHD (Problem: toxicity)



The genome editing technology applied to cancer immunotherapy

Nucleases introduce 
Double Strand 
Breaks at selected 
genome sites

Non-Homologous End Joining 
(NHEJ)

Homology-directed repair 
(HDR) 

Gene disruption                    The Genome Editing Technology allows to move from “simple” gene 
addition to genetic knock-down and gene substitution leading to 

substitution of biological functions in targeted cells

Genomic DNA

TALEN
ZFN



TCR gene EDITING: rational

Tumor antigen

Expansion of 
tumor-specific 
lymphocytes

TCR gene transfer TCR gene EDITING

Tumor cell

Zinc Finger Nucleases
CRISPR/Cas9

TCR-LV

Provasi, Genovese et al., Nat Med 2012
Mastaglio et al., Blood 2017
Ruggiero et al., Sci Transl Med 2022



Allogeneic platform: optimization

Innovative Immunotherapies Unit

o Exploiting gene editing approaches: 
ØTCR knockout (GvHD)
ØB2M knockout (rejection, CD8 T cells)
ØCIITA knockout (rejection, CD4 T cells)
ØHLA-E (rejection, NK)
ØCD45 (rejection, phagocytes)

o Intensifying lymphodepletion (rejection, alemtuzumab + CD52 ko in CAR-T)
o Using non-alloreactive effectors (GvHD, NK cells, invariant NKT, ɣẟ T cells)



Autoimmune diseases

Diseases characterized by an aberrant inflammatory
response against self-antigens that leads to tissue damage

Very heterogeneous group

In U.S. prevalence 3-7% of population 
Unsatisfactory control with standard treatment

Chronic disease with recurrent flares

Immune tolerance
Dysfunctional Tregs

Immune selection
Autoreactive Tconvs



Strategies in autoimmunity

45

Doglio & Alexander et al. JACI 2022
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CAR-T in autoimmunity

Mougiakakos D. et al.
N. Eng. J. Med. 2021

Bergmann C. et al.
Ann. Rheum. Dis. 
2023

Yuan Y. et al.
Ann. Rheum. Dis. 
2023

Mackensen A. et al.
Nat Med. 2022

Merkt W. et al.
Ann. Rheum. Dis. 
2023



CAR-T in autoimmunity

Granit V. et al.
Lancet Neurol. 2023

Taubmann J. et al.
Arthritis Rheum 2023

Pecher A. et al.
JAMA 2023

Muller F. et al.
Lancet 2023

Haghikia A. et al.
Lancet Neurol. 2023

Fischbach F. et al.
Med 2024



Systemic Lupus Erythematosus



Systemic Lupus Erythematosus

Mackensen et al. Nat Med 2022



Systemic Lupus Erythematosus

Mackensen et al. Nat Med 2022



Systemic Lupus Erythematosus

• After CAR-T cells:
- Reduced pro-inflammatory CKs
- Reshape of B cell compartment
(immature cells)
- Normal IFN signature
- No effect on pre-existing
humoral immunity

Mackensen et al. Nat Med 2022



Strategies in autoimmunity
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Regulatory T cells

53Romano et al. Front. Imm. 2019



Treg characteristics
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Treg potential applications

55



Antigen-specific Tregs

56Raffin et al. Nat Rev Imm 2019



Anti-HLA.A2 CAR-Tregs

57

Anti-HLA.A2 CAR-Tregs	

Second-generation CAR with 28z	
	
Delay of aGvHD onset in a xenograft mouse  

model	

	
STEADFAST clinical trial (ongoing) 

Anti-HLA.A2 CAR-Tregs for  
mismatched kidney transplantation in ESRD	

MacDonald et al. JCI 2016



Our experience
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We aimed at developing a CAR-Treg product for the 
treatment of Systemic Lupus Erythematosus

B cells play a major role in the pathogenesis

FoxP3 - T2A - CAR19.28z (hPGK) LV

5· LTR 3· LTR

GA RRE FoxP3hPGK CAR19.28z WPRE

SD SA

cPPT

scFv Hinge CD28 CD3z

T2A



Ag-specific suppression

59Doglio et al. Nat Comm 2024
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CAR-Tregs do not kill
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CAR-Tregs don’t kill target cells	
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Treg instability

Standard approach
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Tconv reprogramming
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In vivo evaluation
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CAR-Treg	

In vivo experimental layout	

3 groups of treatment 

Untransduced	
Treg	 Control	

Doglio et al. Nat Comm 2024



CAR-Tregs delay B lymphopenia
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CAR-Tregs delayed B cell lymphopenia	

B Lymphocyte count after CAR 
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CAR-Treg immunomodulation
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Restored immune composition
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CAR-Treg immunomodulation	

Immune cell composition in the spleen 
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Conclusions

• We optimize a protocol to efficiently generate CAR-Tregs
• CAR-Tregs exert antigen-suppressive capacities without
showing killing capacities
• FoxP3 over-expression reprograms Tconv to suppressive
cells
• We generated a humanized mouse model of SLE
• CAR-Tregs proved safe when injected in vivo
• CAR-Tregs controled the inflammation and restore the 
normal composition of the human immune system in vivo

68Doglio et al. Nat Comm 2024
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