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The Concept

§ Tisa-gene- Lec-leucel
§ KYMRIAH®

§ ALL: R/R > 2L  (< 25 y)  

§ DLBCL R/R > 2L

§ Axi-cabtagene- Cila-Leucel
§ YESCARTA ®

§ DLBCL R/R > 2L



The Concept



The Concept



Pediatric R/R Acute Lymphoblastic Leukemia

Hunger SP et al J Clin Oncol. 2012; 30: 1663-1669. Resimuller et al J Ped Oncol 2013

Pediatric Acute Lymphoblastic Leukemia (ALL)

Resimuller et al. JPHO 2013

Survival for newly diagnosed ALL Survival for 2nd relapse 

Hunger SP et al. JCO 2012;30:1663-1669

• Outcomes remain poor for pediatric ALL that is refractory or in second or greater relapse 

Pediatric Acute Lymphoblastic Leukemia (ALL)

Resimuller et al. JPHO 2013

Survival for newly diagnosed ALL Survival for 2nd relapse 

Hunger SP et al. JCO 2012;30:1663-1669

• Outcomes remain poor for pediatric ALL that is refractory or in second or greater relapse 

Survival for newly diagnosed ALL Survival for 2nd relapse

Less than 10% of patients 
alive after 2nde relapse



CAR-T for R/R ALL: High response rate and response 
duration 

Grupp SA et al. ASH. 2018; Abs 895.

• Overall remission rate (CR + CRi) 
within 3 months was 82% (65/79; 95% 
CI, 72-90)a,b 

– 98% (64/65) achieved MRD(–)c

bone marrow

Note: Only patients who achieved CR or CRi were included. Time is relative to onset of remission. 
a The response was unknown in 6 patients.
b While in remission, 8 patients went on to stem-cell transplantation. 
c MRD negative = MRD < 0.01%, as assessed by flow cytometry. 
CR, complete remission; CRi, complete remission with incomplete blood count recovery; MRD, minimal residual disease, NE, not 
estimable.
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• Relapse-free survival rate among 
responders

– 12-month: 66% (95% CI, 52-77) 

– 18-month: 66% (95% CI, 52-77)

– 24-month: 62% (95% CI, 47-75) 



Median overall survival not reached

Grupp SA et al. ASH. 2018; Abs 895.

Note: All patients infused with tisagenlecleucel were included. Time is relative to infusion.
CR, complete remission; CRi, complete remission with incomplete blood count recovery; NE, not estimable.

• Overall survival rates among all 
infused patients
– 12-month: 76% (95% CI, 65-85)

– 18-month: 70% (95% CI, 58-79)
– 24-month: 66% (95% CI, 54-76)
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number of patients treated in the modern rituximab era, suggesting
that even with the availability of multiple rituximab-based regimens,
outcomes amongpatientswith refractoryDLBCL remain dismal across
global centers and trials.

The pooled objective response rate to the next line of therapy in our
study cohort was 26% (CR, 7%), and the pooled median OS from
refractory disease was 6.3 months. Outcomes were poor regardless of
subgroup within our definition of refractory, with a pooled response
rate of 20% (CR, 3%; PR, 17%) among primary refractory patients and
34%(CR,15%;PR,19%)amongpatientswhoprogressed#12months
post-ASCT.MedianOSwasconsistently short in thepooledpopulation
and in all patient subgroups (median OS,,10 months) across known
prognostic factors and refractory status. To mitigate the potential bias,
landmark survival rateswere calculated from transplantation to survival
outcome. Response to therapy was significantly associated with longer
survival, particularly for patients who submitted to ASCT thereafter.
These results showed that 20% of patients remained alive at 2 years;
however, these long-term durable responses were primarily driven by
the minority of patients who received ASCT and/or achieved a CR or
PR and who represent the tail of the Kaplan-Meier curve of OS. Most
patients (73%) did not respond to salvage therapy or were not able to
receive ASCT, resulting in particularly poor outcomes. As expected,
patients with higher stage disease, worse ECOG PS, and more IPI risk
factors had shorter survival. There is an urgent unmet need to improve
salvage regimens that may increase the percentage of patients eligible
for SCT and also to develop novel and effective therapeutic options to
treat this patient population.10,35

This study used a definition for refractory disease that included
patients who relapsed early (within 12 months of ASCT). Smaller
studies have shown that, similar to patients with DLBCL re-
fractory to therapy in the more traditional sense, those who relapse
early after receiving ASCT have poor outcomes.13,23 This study
was intended to globally characterize outcomes of patients for
whom the most recent therapy was minimally effective. Our
results confirm our assumptions built on these earlier studies, that
patients do indeed have poor outcomes, regardless of refractory
subgroup.

The strength of this study is the use of individual patient data
from 2 large clinical observational cohorts (IA/MC and MDACC)
that provided follow-up for patients from case ascertainment to
death and from 2 large, prospective, randomized phase 3 trials
(LY.12 and CORAL) that evaluated salvage therapy and ASCT
in DLBCL. A patient may be refractory at many times during the
course of his or her disease, such as primary refractory, refractory to
second-line therapy, or refractory to third-line therapy. For this
analysis, a patient was considered refractory at the first possible
time at which refractory criteria were met, because this maximized
the information available for response and survival after de-
termination of refractory status. A proportion of patients in this
study (27%) underwent salvage therapy and ASCT for primary
refractory DLBCL and remained in remission. Sensitivity analyses
that excluded this cohort suggest that outcomes are worse in the
remaining patients who are not successfully rescued with second-
line therapy and ASCT.
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Figure 3. Overall survival from commencement of salvage therapy. Shown for the (A) overall population, (B) refractory subgroups, (C) tumor response, and (D) post-
refractory transplantation status (Kaplan-Meier).
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Refractory DLBCL 

Crump M et al. Blood. 2017; 130: 1800-1808.

§ Refractory disease: PD or SD as best response at anytime of treatment or relapsed < 12 mo post-ASCT

§ N=636

SCHOLAR-1

- ORR : 26%
- CR: 7%
- mOS: 6.3 mo
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CAR-T for Refractory DLBCL: ZUMA-1 

OVERALL SURVIVALPROGRESSION-FREE SURVIVAL

Landmark PFS (%)
6-months 49
12-months 44
18-months 41
24-months 39

Landmark OS (%)
6-months 78
12-months 60
18-months 53
24-months 51
36-months 47Idem SHOLAR

Median time to infusion: 17 d
Drop-out: #10% (111/101)



CAR-T for Refractory DLBCL: ZUMA-1 

Simulation-Based Standardized OS Curves
for ZUMA-1 and SCHOLAR-1

Neelapu SS et al, ASH 2019: #4095



Neelapu et al. ASH. 2017; Abst 578.

Median duration not reached
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Time to objective response and complete response



Update PFS by M3 status
Articles

36 www.thelancet.com/oncology   Vol 20   January 2019

The proportion of patients with objective responses 
was summarised with descriptive statistics. Time-to-
event analyses of duration of response, progression-free 
survival, and overall survival were assessed with the 
Kaplan-Meier method, and 95% CIs for responses were 
calculated with the Clopper-Pearson method.

For survival analyses, patients who had not died were 
censored at the last date known alive. For progression-
free survival and duration of response, patients who had 
not died or experienced disease progression were 
censored at their last evaluable disease assessment or 
date of stem-cell transplantation. Concordance between 
activity assessments by investigators and the independent 
central review committee review was measured as the 
proportion of patients for whom central assessment of 
objective or complete response matched investigator 
assessments.

All statistical analyses were done in SAS (version 9.4). 
This trial is registered with ClinicalTrials.gov, number 
NCT02348216.

Role of the funding source
The study funder participated in the study design; data 
collection, analysis, and interpretation; and writing of the 
report. All authors had full access to all study data and 
the corresponding author had final responsibility for the 
decision to submit for publication.

Results
Between May 19, 2015, and Sept 15, 2016, 119 patients were 
enrolled and 108 received axicabtagene ciloleucel (seven in 
phase 1 and 101 in phase 2; appendix p 17). Patient 
characteristics are listed in table 1. 52 (70%) of 74 patients 
assessed for cell of origin had germinal centre B-cell-like 
disease and 18 (24%) had activated B-cell-like disease. Of 

the 47 patients with pretreatment tumour samples, 
30 (64%) had double expressor B-cell lymphoma and 
seven (15%) had high-grade B-cell lymphoma, including 
one (2%) with triple-hit high-grade B-cell lymphoma, 
four (9%) with double-hit high-grade B-cell lymphoma, 
and two (4%) with high-grade B-cell lymphoma not 
otherwise specified (appendix p 5).

As of Aug 11, 2018, 101 patients assessable for activity 
in phase 2 were followed up for a median of 27·1 months 
(IQR 25·7–28·8). According to investigator assessment, 
84 (83%) of 101 patients had an objective response to 
axicabtagene ciloleucel—59 (58%) complete responses 
and 25 (25%) partial responses (table 2; appendix p 6). 
Ten (10%) patients had stable disease, five (5%) had 
progressive disease as best response, and two (2%) 
could not be assessed. Concordance between investi-
gator assessments and Independent Central Review 
Committee assessments was 81% for objective response 
and 90% for complete response (table 2). Median time to 
response was 1 month (IQR 1–1).10 11 of 33 patients with 
partial responses at 1 month, and 11 of 24 patients with 
stable disease at 1 month, subsequently achieved a 
complete response, with most conversions occurring by 
6 months (appendix p 18). Among the 33 patients with 
double-expressor and high-grade B-cell lymphoma, 
30 (91%) achieved an objective response and 23 (70%) 
achieved a complete response by investigator assessment 
(appendix p 7). The median duration of response for all 
101 patients was 11·1 months (95% CI 4·2–not estimable) 
by investigator assessment (figure 1A; table 2) and was 
not reached by independent central review committee 
review (appendix p 19). The median duration of response 
for participants with complete responses was not 
reached (95% CI 12·9–not estimable). 39 (39%) patients 
had ongoing responses and were censored at the last 

Figure 2: Post-hoc analysis of investigator-assessed progression-free survival by response status at 3 months after axicabtagene ciloleucel
60 patients with ongoing complete response, partial response, or stable disease month 3 in phase 2 are shown. The x-axis shows time since infusion of chimeric 
antigen receptor T cells. Four of eight patients with partial responses and four of nine patients with stable disease at 3 months subsequently converted to complete 
responses. NR=not reached. NE=not estimable.
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CAR T-cells in clinical trials

Les résultats des essais cliniques ne sont pas comprarables entre-eux

1_ Etudes non randomisées

2_ Critères d’inclusion différents

3_ Produits cellulaires différents

4_ Délais de production différents

5_ Drop out different/population analysée différente



CAR T-cells in clinical trials

Landmark OS (%)
6-months 75

12-months 58

1- Locke FL et al, Lancet Oncol 2019; 20: 31. Neelapu SS et al, ASH 2019: #203;

2- Schuster et al, N Engl J Med 2019; 380: 45; Schuster et al ASH 2019: #

3- Abramson JS et al, ASH 2019; #241

TRANSCEND3

Landmark OS (%)
6-months 78

12-months 60
18-months 53
24-months 51
36-months 47

ZUMA-11

Landmark OS (%)
6-months 61

12-months 48
24-months 40

JULIET2

BOR (%, CMR, PMR) 52 (40/12)BOR (%, CMR, PMR) 74 (54/20) BOR (%, CMR, PMR) 73 (53/20)

Les résultats de ces études sont indépendants 

et ne peuvent en aucun cas être comparés entre eux



CAR T-cells in clinical real-life

Landmark OS (%)
6-months 67

CIBMTR-12, 3

BOR (%, CMR, PMR) 58 (40/18)

Kymriah ®

N= 83

1- Jain MD et al, ASH 2019: #245

2- Jaglowski S et al, ASH 2019: #242

3- Pasquini MC et al, ASH:#764

4- Kuhnl A et al, ASH 2019: #767

Landmark OS (%)
6-months 75

US Consortium1

BOR (%, CMR, PMR) 81 (57/24)

Yescarta ®

N=274

UK Consortium4

Yescarta ® ; Kymriah ®

N=80

Landmark OS (%)
6-months 60

BOR Y (%, CMR, PMR) 37 (21/16)

Landmark OS (%)
6-months 75

BOR (%, CMR, PMR) 84 (66/18)

Yescarta ®

N= 326

BOR K (%, CMR, PMR) 28 (17/12)

Les résultats de ces études sont indépendants 

et ne peuvent en aucun cas être comparés entre eux



Proportion of Patients With Detectable CAR Gene-Marked T Cells in 
Blood Among Patients With Ongoing Response Over Time

• The proportion of 
patients in ongoing 
response with 
detectable CAR T cells 
decreased over time

Neelapu et al, ASH 2018; 2967



Proportion of Patients With Detectable B Cells in Blood 
Among Patients With Ongoing Response Over Time

Neelapu et al, ASH 2018; 2967

• 75% of patients (24/32) with 
ongoing responses had 
detectable B cells 2 years after 
axi-cel infusion 

• Throughout the course of the 
study, 31% of patients received 
intravenous immunoglobulins



CAR-T cells concentrations by response
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disease assessment before the data cutoff, including 
37 (37%) with ongoing complete responses (table 2). 
Only two (5%) of the 39 patients with ongoing 
responses underwent allogeneic stem-cell transplan-
tation, and none underwent autologous stem-cell 
transplantation while in axicabtagene-ciloleucel-induced 
remission. Ongoing responses were consistent across 
key baseline and clinical covariates (appendix p 20).

By investigator assessment, 61 of 101 patients had 
disease progression or died on study. Median progression-
free survival was 5·9 months (95% CI 3·3–15·0; 
figure 1B). In post-hoc analyses, the estimated proportion 
of patients with progression-free survival at 24 months 
was 72·0% (95% CI 56·0–83·0) among those with 
complete responses at 3 months, 75·0% (31·5–93·1) 
among those with partial responses at 3 months, and 
22·2% (3·4–51·3) among those with stable disease at 
3 months (figure 2). The median overall survival was not 
reached (95% CI 12·8–not estimable; figure 1C), with an 
estimated 24-month survival proportion of 50·5% 
(95% CI 40·2–59·7). No patients were lost to follow-up.

Consistent with previously reported results for 
objective response,10 ongoing response at 24 months was 
associated with higher CAR T-cell peak concentrations 
and area under the curve in the first 28 days after 
axicabtagene ciloleucel infusion (figure 3). By 24 months, 
11 (34%) of 32 assessable patients maintained ongoing 
responses but no longer had detectable gene-marked 
CAR T cells (appendix p 21).

The safety profile of axicabtagene ciloleucel 2 years 
after infusion was largely similar to that in previous 
reports.3,10 All 108 treated patients had adverse events, 
and 106 (98%) had grade 3 or worse adverse events 
(table 3; appendix pp 8–14). 52 (48%) of 108 patients had 
grade 3 or worse serious adverse events (appendix p 8). 
Grade 3 or worse cytokine release syndrome occurred in 
12 (11%) patients and grade 3 or worse neurological 
events occurred in 35 (32%); all these events were 
manageable and largely reversible (appendix p 8). Since 
the 12-month analysis (data cutoff Aug 11, 2017), no new 
cases of cytokine release syndrome or neurological 
events related to axicabtagene ciloleucel were reported.
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Figure 3: Post-hoc analysis of CAR T-cell and B-cell concentrations
CAR T cell exposure by peak concentrations of CAR T cells in peripheral blood 
(A) or area under the curve (B) and proportion of patients with responses at 

24 months with detectable B cells (C). For (A) and (B), the horizontal line within 
each box represents the median, the lower and upper borders of each box 

represent the IQR, and the bars show the range. CAR area under the curve is 
defined as cumulative concentrations of CAR gene-marked cells per μL of blood 

during the first 28 days after axicabtagene ciloleucel therapy. For (A) and (B), 
these analyses include all 101 phase 2 patients assessable for activity with the 

exception of two patients who received subsequent anticancer therapy while in 
response to axicabtagene ciloleucel, two patients who died before disease 

progression, and two patients for whom CAR T-cell data were not available. For 
(C), this analysis includes patients in ongoing response with assessable samples 
and excludes two patients who received subsequent anticancer therapy while in 

response to axicabtagene ciloleucel. CAR=chimeric antigen receptor. 
N/A=not applicable.
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disease assessment before the data cutoff, including 
37 (37%) with ongoing complete responses (table 2). 
Only two (5%) of the 39 patients with ongoing 
responses underwent allogeneic stem-cell transplan-
tation, and none underwent autologous stem-cell 
transplantation while in axicabtagene-ciloleucel-induced 
remission. Ongoing responses were consistent across 
key baseline and clinical covariates (appendix p 20).

By investigator assessment, 61 of 101 patients had 
disease progression or died on study. Median progression-
free survival was 5·9 months (95% CI 3·3–15·0; 
figure 1B). In post-hoc analyses, the estimated proportion 
of patients with progression-free survival at 24 months 
was 72·0% (95% CI 56·0–83·0) among those with 
complete responses at 3 months, 75·0% (31·5–93·1) 
among those with partial responses at 3 months, and 
22·2% (3·4–51·3) among those with stable disease at 
3 months (figure 2). The median overall survival was not 
reached (95% CI 12·8–not estimable; figure 1C), with an 
estimated 24-month survival proportion of 50·5% 
(95% CI 40·2–59·7). No patients were lost to follow-up.

Consistent with previously reported results for 
objective response,10 ongoing response at 24 months was 
associated with higher CAR T-cell peak concentrations 
and area under the curve in the first 28 days after 
axicabtagene ciloleucel infusion (figure 3). By 24 months, 
11 (34%) of 32 assessable patients maintained ongoing 
responses but no longer had detectable gene-marked 
CAR T cells (appendix p 21).

The safety profile of axicabtagene ciloleucel 2 years 
after infusion was largely similar to that in previous 
reports.3,10 All 108 treated patients had adverse events, 
and 106 (98%) had grade 3 or worse adverse events 
(table 3; appendix pp 8–14). 52 (48%) of 108 patients had 
grade 3 or worse serious adverse events (appendix p 8). 
Grade 3 or worse cytokine release syndrome occurred in 
12 (11%) patients and grade 3 or worse neurological 
events occurred in 35 (32%); all these events were 
manageable and largely reversible (appendix p 8). Since 
the 12-month analysis (data cutoff Aug 11, 2017), no new 
cases of cytokine release syndrome or neurological 
events related to axicabtagene ciloleucel were reported.
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Figure 3: Post-hoc analysis of CAR T-cell and B-cell concentrations
CAR T cell exposure by peak concentrations of CAR T cells in peripheral blood 
(A) or area under the curve (B) and proportion of patients with responses at 

24 months with detectable B cells (C). For (A) and (B), the horizontal line within 
each box represents the median, the lower and upper borders of each box 

represent the IQR, and the bars show the range. CAR area under the curve is 
defined as cumulative concentrations of CAR gene-marked cells per μL of blood 

during the first 28 days after axicabtagene ciloleucel therapy. For (A) and (B), 
these analyses include all 101 phase 2 patients assessable for activity with the 

exception of two patients who received subsequent anticancer therapy while in 
response to axicabtagene ciloleucel, two patients who died before disease 

progression, and two patients for whom CAR T-cell data were not available. For 
(C), this analysis includes patients in ongoing response with assessable samples 
and excludes two patients who received subsequent anticancer therapy while in 

response to axicabtagene ciloleucel. CAR=chimeric antigen receptor. 
N/A=not applicable.

CART –cells AUCCART –cells peak of concentration

Locke FL et al, Lancet Oncol 2019; 20: 31



• Analysis of samples from 25 ZUMA-1 patients treated with axicabtagene ciloleucel (minimum 
follow-up of 9 months) 

• Immunosign21 is a pre-specified score based on the tissue expression of 21 genes with known 
immune function, comprising T cell activity-related genes 

• A high Immunosign21 score was associated with objective responses at a minimum follow-up 
of 9 months (p=0.012)

a Cut-off was arbitrarily defined as the 25th percentile of the observed scores among samples.Adapted from Rossi J, et al. AACR 2018 (Abstract LB-016; poster).
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Toxicities

Cytokines Release Syndrome (CRS) Neurotoxicities



Toxicities

within the tumorwasalsoobserved in some treated
subjects, further illustrating the need to targetmul-
tiple antigens to prevent antigen escape (30).
The tumor microenvironment presents addi-

tional barriers to the successful application of ACT,
especially in solid tumors.Well-describedpathways
that inhibit T cell immunitywithin tumors include
immune checkpoints (e.g., expression of PD-L1, a
ligand for the programmed death 1 receptor),
alterations in the tumor metabolic environment
(e.g., hypoxia or expression of indolamine-1-oxidase
and arginase), regulatory T cells, and suppressive
myeloid cells (31). Many of these immunologic and
metabolic checkpoints increase in tumors after
ACT, suggesting adaptive resistance (30). Clinical
trials that combine PD-1/PD-L1–blocking anti-
bodies with CD19-specific CAR T cell therapies
are underway (e.g., NCT02926833,NCT02650999,
and NCT02706405; clinicaltrials.gov). In addition
to combinations with other checkpoint inhibitors,
alternative approaches to disrupting these sup-
pressive pathways, such as switch receptors or
gene editing, are also under study (32).

Toxicities with CAR Tcell therapy

Although somedegree of immune stimulation and
inflammationwas expectedwith T cell activation
after ACT, severe cytokine release syndrome (CRS)
has been observed with CD19-specific, BCMA-
specific, and CD22-specific CAR T cells (Fig. 2).
This syndrome can be more severe than the
influenza-like syndrome commonly observed
with TIL- and TCR-based therapies (33). The
severity of the CAR T cell–associated CRS cor-
relates with tumor burden (14, 34). In the most
severe form, CRS shares many features with
hemophagocytic lymphohistiocytosis andmacro-
phage activation syndrome (35).
Although CRS was an expected toxicity with

T cell immunotherapy, unexpected neurologic
complications ranging in severity from mild to

life-threatening have also been reported across
different clinical studies with CD19- and BCMA-
specific CAR T cells. The neurologic toxicities
described with CD19-specific CAR T cells have
been largely reversible (Box 1). It is not known
whether the cerebral edema resulting from CAR
T cell therapy is an extrememanifestation of CRS
or whether there is a separate mechanism of
action. In support of the latter, there is evidence
for endothelial injury, perhaps related to inflam-
matory cytokines, contributing to the onset of
neurotoxicity (36). The mechanisms underlying
T cell immunotherapy–mediated CRS and cere-
bral edemaare poorly understood, in part because
the field lacks informative animalmodels to study
these important toxicities.

Improving engineered T cells through
cellular engineering

The strength of binding between a ligand and its
receptor (affinity) is a fundamental biophysical
parameter affecting the outcome ofmost receptor
signaling. Characterizing the affinity of a single
TCR for its cognate peptide presented within
MHC (pMHC) is complex. In the most simplistic
form, thebinding reactionbetweenTCRandpMHC
can be represented by the equation

TCR þ pMHC⇌
kon

koff
TCR:pMHC

However, there is considerable debate regard-
ing whether the equilibrium binding constant
(KD = kon/koff, where kon and koff are the associa-
tion and dissociation rates, respectively) or the
dissociation half-life (t1/2 = 0.693/koff) is the most
important parameter affecting the outcome of
TCR signaling. Using surface plasmon resonance
measurements of TCR affinity, the apparent KD

values of most functional TCRs for pMHC range
from 1 to 100 mM (37). The role of TCR affinity

may be especially relevant to tumor-associated
cancer-testis antigens, which are nonmutated
self-antigens to which some degree of tolerance
likely exists, unlike for foreign antigens (38).
Similar to TCRs, affinity engineering may also

be applicable in CAR design to increase the anti-
tumor potency of CAR T cells and modulate on-
target, off-tumor toxicity. ERBB2/HER2 encodes
a cell surface receptor implicated in the patho-
genesis of numerous epithelial malignancies (39).
Varying the affinity of aCARagainst ERBB2/HER2
increases the discrimination between low antigen
density, such as that found on healthy epithelial
cells, and higher antigen load on tumor cells
(40). However, identifying the optimal affinity
is not straightforward, as evidenced by improved
antitumor activity (but with the emergence of
severe neurotoxicity) associated with enhanced
binding of a GD2-specific CAR in a preclinical
model (28). Beyond affinity, substantial effort has
been expended to evaluate the impacts of CAR
ectodomain structure, transmembrane domain,
and signaling (41), which all can affect CAR func-
tion. Unfortunately, few standards have been
defined, and CAR design remains largely empiric.
In many cases, the functional consequences are
also not fully apparent in preclinical experiments,
further complicating the CAR design process.

Universal CAR Tcells

Although ACT evolved from allogeneic bone mar-
row transplantation, ACT strategies have focused
onautologousT cells owing to the inherent barriers
imposed by theMHC. A return to allogeneic donor
or “universal” T cells could provide considerable
advantages over autologous T cells if the MHC
barriers could be eliminated.Universal CART cells
derived from healthy donors have the potential
to overcome the many immune defects associ-
atedwith cancer treatment. In addition, the use
of universal CAR T cell therapies might provide

June et al., Science 359, 1361–1365 (2018) 23 March 2018 3 of 5

Fig. 2. CAR Tcell therapy is
associated with cytokine
release syndrome and neuro-
toxicity. Cytokine release syn-
drome has occurred with CAR
Tcells targeting CD19 or BCMA.
When the CAR T cell engages
surrogate antigens, it releases a
variety of cytokines and che-
mokines. Macrophages and
other cells of the innate
immune system also become
activated and contribute to the
release of soluble mediators.
CAR T cells are routinely
observed in cerebral spinal
fluid, and the cytokines may
increase permeability to soluble
mediators and permit increased
trafficking of CAR T cells and
other lymphocytes to central
nervous system parenchyma.
IFN, interferon; AST, aspartate
aminotransferase; ALT, alanine
aminotransferase.
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Cytokines Release Syndrome

§ Symptoms

§ Fever

§ Hypotension

§ Coagulopathy

§ Capillary leak

§ Respiratory and Cardiovascular insufficiency

§ More frequent in ALL/NHL

(Figure 4E). Five of 10 patients with grade $4 CRS became
refractory to platelet transfusion.Marrow tumor burden (P, .0001),
the number of prior therapies (P5 .02), and the occurrence of CRS
(P5 .0002) were associated with longer hematologic recovery. The
time to hematologic recovery was longer than expected in most
patientswith grade 4CRS (supplemental Table 3) andwas delayed in
patients with grade 1 to 3 CRS (median, 13.5 days [IQR, 6.5-18.1
days]) compared with those without CRS (median, 4.1 days [IQR,
2.9-7.5 days]; P5 .0002).

CRS has been associated with macrophage activation syndrome.20,21

Consistent with this, we observed higher ferritin and C-reactive protein
(CRP) levels, and more prolonged monocytopenia in the blood of
patients with grade$4 CRS compared with those who had grade#3
CRS (supplemental Figure 3G-I). However, examination of bone
marrow biopsies from patients with grade $4 CRS showed no
evidence of increased hemophagocytosis that might contribute to
delayed hematopoietic recovery. Rather, in 5 of 7 patients with
grade $4 CRS and available marrow pathologic examination, the
bone marrow was hypocellular without morphologic evidence of
residual tumor, suggesting that there may be alternative mechanisms
for delayed recovery (supplemental Table 3).

Consumptive coagulopathy in grade ‡4 CRS

We examined the prothrombin time (PT), activated partial thrombo-
plastin time (aPTT), D-dimer, and fibrinogen in patients at intervals
after CAR T-cell infusion. Patients receiving therapeutic anticoagula-
tion were excluded from the analyses (n 5 9). In the first week after
CART-cell infusion, patientswith grade#3CRShadnormal ormildly
elevated PT, aPTT, D-dimer, and fibrinogen. In contrast, those with
grade $4 CRS developed early prolongation of the PT and aPTT,
which peaked approximately 2 to 5 days after CAR T-cell infusion
(Figure 4F-G). Increasing D-dimer and falling fibrinogen concentra-
tions started on days 2 to 5, with hypofibrinogenemia occurring from
days 9 to 12, consistent with disseminated intravascular coagulation
(Figure 4H-I). Compared with patients with grade 1 to 3 CRS, those
with grade $4 CRS received more cryoprecipitate transfusions to
correct coagulopathy (P, .0001; Figure 4E) and had more severe and
prolonged thrombocytopenia (Figure4D).Grade$3bleedingoccurred
in only 3 patients (2%), all of whom had grade $4 CRS. Red cell
fragmentation was not a prominent feature on analysis of blood film
morphology. The findings were consistent with development of a
consumptive coagulopathy in patients with severe CRS.
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Figure 2. Kinetics of presentation of CRS and neurotoxicity. (A) Cumulative incidence curve for first fever $38°C in patients with grade 1 to 3 (n 5 82) or grade $4 CRS
(n 5 10). (B) Mean 6 standard error of the mean (SEM) of the maximum temperature after CAR T-cell infusion. (C) Incidence and grading of neurotoxicity within each CRS
grade. (D) The median time of onset of fever $38°C (red, n 5 92) or neurotoxicity (blue, n 5 53) after CAR T-cell infusion. One patient with grade 2 CRS who developed

hypotension without fever is not included. Kruskal-Wallis test ***P , .0001; **P ranges from ..0001 to ,.001; *P ranges from ..001 to ,.005. d, days after CAR T-cell
infusion; h, hours after CAR T-cell infusion; pre-chemo, before the start of lymphodepletion chemotherapy; pre-infusion, before CAR T-cell infusion.
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CAR-T cells toxicities in real-life

Nastoupil Jacobson ZUMA-1

Grade ≥ 3 CRS
(median) 7 % (3 j) 16 % (1 j) 13 % (2 j)

Grade ≥ 3 neurotox
(median) 33 % (6 j) 39 % (5 j) 28 % (5 j)

Tocilizumab 63 % 67 % 45 %

Corticoïdes 55 % 64 % 29 %

ICU 32 % 30 % NA

Toxic deaths/ related 3 % / 1 % 7 % / ? 4 % / 2 %

Best ORR 81 % 71 % 82 %

Best RC 57 % 44 % 54 %

ASH 2018 – Nastoupil L, abstract 91 ; Jacobson C, abstract 92 ; Neelapu et al, NEJM 2017



Cytokines Release Syndrome: risk factors

Hay KA et al. Blood. 2017; 130: 2295-06.

Risk factors

Marrow disease burden

Platelet count

CD8+ selection method

CPM-FDR lymphodepletion

CAR-T cells dose



Neurotoxicity: Symptoms

§ Delirium

§ Headache

§ Decrease level of conscience or speech impairment

§ Focal neurologic deficits

§ Seizure

§ Acute cerebral edema

§ Usually after the onset of CRS or after its resolution

§ More frequent in ALL/NHL 

Gauthier J et al. Curr Res Transl Med? 2018; 66: 50-52.



Neurotoxicity: mechanisms

§ Unknown

§ Secondary to CRS: 

§ Endothelial activation and vascular dysfunction

§ Hypotension, capillary leak, consumptive coagulopathy

Hay KA et al. Blood. 2017; 130: 2295-06.

(Figure 4E). Five of 10 patients with grade $4 CRS became
refractory to platelet transfusion.Marrow tumor burden (P, .0001),
the number of prior therapies (P5 .02), and the occurrence of CRS
(P5 .0002) were associated with longer hematologic recovery. The
time to hematologic recovery was longer than expected in most
patientswith grade 4CRS (supplemental Table 3) andwas delayed in
patients with grade 1 to 3 CRS (median, 13.5 days [IQR, 6.5-18.1
days]) compared with those without CRS (median, 4.1 days [IQR,
2.9-7.5 days]; P5 .0002).

CRS has been associated with macrophage activation syndrome.20,21

Consistent with this, we observed higher ferritin and C-reactive protein
(CRP) levels, and more prolonged monocytopenia in the blood of
patients with grade$4 CRS compared with those who had grade#3
CRS (supplemental Figure 3G-I). However, examination of bone
marrow biopsies from patients with grade $4 CRS showed no
evidence of increased hemophagocytosis that might contribute to
delayed hematopoietic recovery. Rather, in 5 of 7 patients with
grade $4 CRS and available marrow pathologic examination, the
bone marrow was hypocellular without morphologic evidence of
residual tumor, suggesting that there may be alternative mechanisms
for delayed recovery (supplemental Table 3).

Consumptive coagulopathy in grade ‡4 CRS

We examined the prothrombin time (PT), activated partial thrombo-
plastin time (aPTT), D-dimer, and fibrinogen in patients at intervals
after CAR T-cell infusion. Patients receiving therapeutic anticoagula-
tion were excluded from the analyses (n 5 9). In the first week after
CART-cell infusion, patientswith grade#3CRShadnormal ormildly
elevated PT, aPTT, D-dimer, and fibrinogen. In contrast, those with
grade $4 CRS developed early prolongation of the PT and aPTT,
which peaked approximately 2 to 5 days after CAR T-cell infusion
(Figure 4F-G). Increasing D-dimer and falling fibrinogen concentra-
tions started on days 2 to 5, with hypofibrinogenemia occurring from
days 9 to 12, consistent with disseminated intravascular coagulation
(Figure 4H-I). Compared with patients with grade 1 to 3 CRS, those
with grade $4 CRS received more cryoprecipitate transfusions to
correct coagulopathy (P, .0001; Figure 4E) and had more severe and
prolonged thrombocytopenia (Figure4D).Grade$3bleedingoccurred
in only 3 patients (2%), all of whom had grade $4 CRS. Red cell
fragmentation was not a prominent feature on analysis of blood film
morphology. The findings were consistent with development of a
consumptive coagulopathy in patients with severe CRS.
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Figure 2. Kinetics of presentation of CRS and neurotoxicity. (A) Cumulative incidence curve for first fever $38°C in patients with grade 1 to 3 (n 5 82) or grade $4 CRS
(n 5 10). (B) Mean 6 standard error of the mean (SEM) of the maximum temperature after CAR T-cell infusion. (C) Incidence and grading of neurotoxicity within each CRS
grade. (D) The median time of onset of fever $38°C (red, n 5 92) or neurotoxicity (blue, n 5 53) after CAR T-cell infusion. One patient with grade 2 CRS who developed

hypotension without fever is not included. Kruskal-Wallis test ***P , .0001; **P ranges from ..0001 to ,.001; *P ranges from ..001 to ,.005. d, days after CAR T-cell
infusion; h, hours after CAR T-cell infusion; pre-chemo, before the start of lymphodepletion chemotherapy; pre-infusion, before CAR T-cell infusion.

BLOOD, 23 NOVEMBER 2017 x VOLUME 130, NUMBER 21 KINETICS OF CRS AFTER CD19 CAR T-CELL THERAPY 2299

For personal use only.on June 4, 2018. by guest  www.bloodjournal.orgFrom 



CAR T-cells: Future Indications in Lymphoma

Wang M et al, ASH 2019: #754

OVERALL SURVIVALPROGRESSION-FREE SURVIVALOVERALL RESPONSE RATE

N=68, FU: 12.3 mo (7.0-32.3)

KTE-X19 in R/R Mantle Cell Lymphoma



CAR T-cells: Future Indications in Lymphoma

Jacobson CA et al, ASCO 2020: #8008

OVERALL SURVIVALPROGRESSION-FREE SURVIVALOVERALL RESPONSE RATE

N=68, FU: 12.3 mo (7.0-32.3)

Yescarta in R/R Follicular Lymphoma

Overall ORR by IRRC Assessment Was 93% (95% CI, 86 – 97), and CR Rate Was 80% (95% CI, 71 – 88)

Presented By Caron Jacobson at TBD

Overall ORR by IRRC Assessment Was 93% (95% CI, 86 – 97), and CR Rate Was 80% (95% CI, 71 – 88)

Presented By Caron Jacobson at TBD

Progression-Free Survival and Overall Survival

Presented By Caron Jacobson at TBD



CAR T-cells: Future Indication in Myeloma

Munshi NC et al, ASCO 2020: #8503

OVERALL SURVIVALPROGRESSION-FREE SURVIVALOVERALL RESPONSE RATE

Idecaptagene vileucel in R/R Myeloma



CAR T-cells: CAR-T in 2021

1_ ALL R/R < 25 y 

2_ ALL R/R > 25 y

3_ DLBCL R/R >2L

4_ MCL R/R> 3L

5_ Myeloma R/R > 3L

6_ FL R/R > 3 L
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CART: Révolution médicale?

• Une révolution thérapeutique?

• Une révolution « sociétale »?

• Une révolution médicale?



Le  Concept

Ramos CA, et al.  Ann Rev Med 2016; 67: 6.1-6.19.

Nouvelles générations de CART
• Nouvelles cellules 

effectrices
• autologue
• allogénique

• Nouvelles constructions

Nouvelles cibles
• Cancers
• Virus
• Auto-immunité



CAR-T: nouvelles cibles potentielles

CART

Hémato

Oncologie

Auto-
immunité

Virologie

IMMUNOTHERAPY

Reengineering chimeric antigen
receptor T cells for targeted therapy
of autoimmune disease
Christoph T. Ellebrecht,1 Vijay G. Bhoj,2 Arben Nace,1 Eun Jung Choi,1 Xuming Mao,1

Michael Jeffrey Cho,1 Giovanni Di Zenzo,3 Antonio Lanzavecchia,4 John T. Seykora,1

George Cotsarelis,1 Michael C. Milone,2*† Aimee S. Payne1*†

Ideally, therapy for autoimmune diseases should eliminate pathogenic autoimmune cells
while sparing protective immunity, but feasible strategies for such an approach have been
elusive. Here, we show that in the antibody-mediated autoimmune disease pemphigus
vulgaris (PV), autoantigen-based chimeric immunoreceptors can direct T cells to kill
autoreactive B lymphocytes through the specificity of the B cell receptor (BCR). We
engineered human T cells to express a chimeric autoantibody receptor (CAAR), consisting
of the PV autoantigen, desmoglein (Dsg) 3, fused to CD137-CD3z signaling domains.
Dsg3 CAAR-T cells exhibit specific cytotoxicity against cells expressing anti-Dsg3 BCRs
in vitro and expand, persist, and specifically eliminate Dsg3-specific B cells in vivo.
CAAR-T cells may provide an effective and universal strategy for specific targeting of
autoreactive B cells in antibody-mediated autoimmune disease.

P
emphigus vulgaris (PV) is a life-threatening
autoimmune blistering disease caused by
autoantibodies to the keratinocyte adhe-
sion protein Dsg3 (1). CD20-targeted B cell
depletion results in short-term disease re-

mission in 95% of pemphigus patients, but 81%
relapse and fatal infection may occur (2). After
CD20-targeted depletion, serum autoantibody
titers drop, indicating that short-lived plasma-
blasts are the source of autoantibodies in PV
and targeting of CD20+memoryB cell precursors
indirectly depletes autoantibody-secreting CD20–

plasmablasts (3, 4). Relapsing pemphigus demon-
strates the same anti-Dsg3 B cell clones observed
during active disease, whereas disease remission
is associated with disappearance of circulating
anti-Dsg3B cells (5). Thus, targeted elimination of
anti-Dsg3 memory B cells should cure PV with-
out the risks of general immunosuppression.
Recently, chimeric antigen receptor (CAR) tech-

nology has revolutionized cancer therapy. A
CD19-specific CAR, consisting of an extracellular
single-chain variable fragment (scFv) antibody
to CD19 fused to T cell cytoplasmic signaling
domains, activates T cell cytotoxicity upon con-
tact with CD19+ B cells, causing specific and
permanent elimination of B cells and durable
remission of leukemia (6–14). In PV, pathogenic
memoryB cells express anti-Dsg3 B cell receptors
(BCRs). We reasoned that by expressing Dsg3 as
the extracellular domain of a chimeric immuno-

receptor, cytotoxicity would become specific for
only those B cells bearing anti-Dsg3 BCRs, pro-
viding targeted therapy for PV without general
immunosuppression. Such a strategy would di-
rectly eliminate surface immunoglobulin (sIg)+

anti-Dsg3 memory B cells and indirectly elimi-
nate sIg− Dsg3-specific short-lived plasma cells
that produce the disease-causing antibodies. We
thus created a chimeric autoantibody receptor
(CAAR) (fig. S1A), with the autoantigen Dsg3 as
the CAAR extracellular domain, in order to en-
gineer T cells to kill autoimmune B cells in PV.
Dsg3 consists of five extracellular cadherin

(EC) domains, with residues important for cell
adhesion residing in EC1 and EC2 (15). Auto-
antibodies to EC1, EC2, EC3, EC4, and EC5 occur
in 91, 71, 51, 19, and 12% of PV sera; no PV sera
target only the EC4 and/or EC5 domains (16).
Since T cell activation depends on the intermem-
brane distance of the immunologic synapse (17),
we reasoned that shorter conformational frag-
ments of Dsg3 should enhance CAAR efficacy.
We therefore designed a panel of Dsg3 CAARs
for expression in primary humanT cells (Fig. 1A),
using Dsg3 EC1-3/EC1-4/EC1-5 as the extracellu-
lar domain, fused to a dimerization-competent
CD8a transmembrane (18) and CD137-CD3z cy-
toplasmic signaling domains, which were used
successfully in CD19 CAR clinical trials (6, 7).
EC1-3/EC1-4 CAARs demonstrate robust surface
expression of mature, conformational Dsg3 in
primary human T cells, whereas EC1-5 CAAR
expression is more variable (fig. S1, B to D).
We first evaluated the ability of Dsg3 CAAR-T

cells (CAAR-Ts) to kill anti-Dsg3 B cells in vitro,
using antibody-secreting hybridomas that tar-
get EC1 (AK23), EC2 (AK19), and EC3-4 (AK18)
(19), or K562/Nalm-6 cells expressing pathogenic
F779/anti-EC1 or PVB28/anti-EC2 IgG cloned from
PV patients (20, 21) (fig. S2). All BCRs were ex-

pressed at a density comparable to humanB cells
(fig. S3). Dsg3EC1-3/EC1-4 CAAR-Ts demonstrate
interferon-g (IFN-g) secretion and specific cytol-
ysis against anti-EC1/EC2 but not control tar-
gets (Fig. 1, B and C, and fig. S4). Dsg3EC1-5
CAAR-Ts exhibitminimal cytolysis, andDsg3EC1-3
CAAR-Ts do not lyse anti-EC3/4 targets. Thus,
the Dsg3EC1-4 CAAR demonstrates the best com-
bination of potency and breadth, with specific
cytolysis of cells expressing anti-Dsg3 BCRs.
To investigate the mechanism of CAAR-T ac-

tivation, we examined the molecular organiza-
tion within CAAR-Ts upon binding sIg target by
total internal reflection fluorescence microscopy.
CAAR-Ts form immunologic synapses analogous
to T cell receptor (TCR)–peptide/major histocom-
patibility complex (MHC) interaction (22, 23),
with actin reorganization and centripetal move-
ment of CAAR-IgG clusters resulting in a central
supramolecular activation complex (SMAC)–like
structure (fig. S5A and movie S1). The protein
tyrosine phosphatase CD45 is excluded from early
CAAR-IgG microclusters (fig. S5B and movie S2),
similar to findings with the anti-CD19 CAR (24)
and the native TCR-MHC synapse (25), sugges-
tive of a kinetic segregation model for CAAR ac-
tivation (26).
PV patients have serum anti-Dsg3 IgG that

might neutralize, or alternatively could help stim-
ulate, Dsg3 CAAR-Ts. We therefore evaluated
Dsg3 CAAR-T cytotoxicity in the presence of sol-
uble monoclonal IgGmatching the targeted BCR
to maximize the neutralization capacity of the
soluble IgG. Soluble anti-Dsg3 IgG decreases but
still preserves compelling CAAR-T cytotoxicity
against AK19/PVB28, minimally affects AK23/
AK18, and potentiates cytotoxicity against F779
targets (Fig. 2, A and B). Because CAAR-Ts will
encounter polyclonal anti-Dsg3 IgG inPVpatients,
we next tested Dsg3 CAAR-T cytotoxicity against
polyclonal targets in the presence of polyclonal
PV serum IgG. Dsg3EC1-3, and to a lesser extent
Dsg3EC1-4, CAAR-Ts retained efficient levels of
cytolysis against AK hybridomas (Fig. 2C), de-
spite the presence of PV serum IgG as well as
secreted anti-Dsg3 IgG by these hybridomas.
Both Dsg3EC1-3 and EC1-4 CAAR-Ts effectively
killed Nalm6 cells expressing human anti-Dsg3
IgG in the presence of PV serum IgG (Fig. 2D).
Surface binding competition assays indicate that
antibodies that inhibit cytotoxicity (AK19/PVB28)
persist on the CAAR-T surface, which reduces the
number of accessible CAAR molecules to bind
target cells, while noninhibitory F779/AK23/AK18
aremore rapidly replacedby competing antibodies,
with AK18 replacement occurring even at 4°C,
suggesting low affinity (Fig. 2, E and F). Indeed,
surface plasmon resonance analysis indicates that
noninhibitory antibodies tend to have faster
off-rates and lower affinity (Fig. 2, G and H,
and fig. S6A). Furthermore, F779 and PV serum
IgG stimulate Dsg3EC1-4 CAAR-Ts, more so than
the Dsg3EC1-3 CAAR-Ts, to secrete low levels of
IFN-g and proliferate (fig. S6, B and C). Thus,
the effect of soluble antibodies to Dsg3 on CAAR-T
function and activation is a complex process that
is affected by affinity and binding kinetics of the
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T Cells Expressing a Chimeric Antigen Receptor That Binds Hepatitis
B Virus Envelope Proteins Control Virus Replication in Mice
KARIN KREBS,1,* NINA BÖTTINGER,1,* LI–RUNG HUANG,2 MARKUS CHMIELEWSKI,3 SILKE ARZBERGER,1

GEORG GASTEIGER,1 CLEMENS JÄGER,1 EDGAR SCHMITT,4 FELIX BOHNE,1 MICHAELA AICHLER,5 WOLFGANG UCKERT,6

HINRICH ABKEN,3 MATHIAS HEIKENWALDER,1 PERCY KNOLLE,2 and ULRIKE PROTZER1

1Institute of Virology, Technische Universität München/Helmholtz Zentrum München, München; 2Institute of Molecular Medicine, University of Bonn, Bonn; 3Department
of Internal Medicine I, University Hospital Cologne, Köln; 4Institute for Immunology, University of Mainz, Mainz; 5Institute of Pathology, Helmholtz Zentrum München,
Neuherberg; and 6Max Delbrück Center for Molecular Medicine Berlin-Buch, Berlin, Germany

BACKGROUND & AIMS: Antiviral agents suppress
hepatitis B virus (HBV) replication but do not clear the
infection. A strong effector T-cell response is required to
eradicate HBV, but this does not occur in patients with
chronic infection. T cells might be directed toward virus-
infected cells by expressing HBV-specific receptors and
thereby clear HBV and help to prevent development of
liver cancer. In mice, we studied whether redirected T cells
can engraft after adoptive transfer, without prior T-cell
depletion, and whether the large amounts of circulating
viral antigens inactivate the transferred T cells or lead
to uncontrolled immune-mediated damage. METHODS:
CD8þ T cells were isolated from mice and stimulated
using an optimized protocol. Chimeric antigen receptors
(CARs) that bind HBV envelope proteins (S-CAR) and
activate T cells were expressed on the surface of cells using
retroviral vectors. S-CAR–expressing CD8þ T cells, which
carried the marker CD45.1, were injected into CD45.2þ

HBV transgenic mice. We compared these mice with mice
that received CD8þ T cells induced by vaccination, cells
that express a CAR without a proper signaling domain, or
cells that express a CAR that does not bind HBV proteins
(controls). RESULTS: CD8þ T cells that expressed HBV-
specific CARs recognized different HBV subtypes and
were able to engraft and expand in immune-competent
HBV transgenic mice. After adoptive transfer, the
S-CAR–expressing T cells localized to and functioned in
the liver and rapidly and efficiently controlled HBV
replication compared with controls, causing only transient
liver damage. The large amount of circulating viral antigen
did not impair or overactivate the S-CAR–grafted T cells.
CONCLUSIONS: T cells with a CAR specific for HBV
envelope proteins localize to the liver in mice to reduce
HBV replication, causing only transient liver damage.
This immune cell therapy might be developed for
patients with chronic hepatitis B, regardless of their
HLA type.

Keywords: Immunotherapy; Chronic Hepatitis B; Hepato-
cellular Carcinoma; Adoptive T-Cell Therapy.

Patients chronically infected with hepatitis B virus
(HBV) are at high risk for developing cirrhosis and

hepatocellular carcinoma (HCC), which lead to more than
0.5 million deaths per year.1 Antiviral nucleos(t)ide

analogues control but do not eradicate the virus because
they do not target the nuclear persistence form of the
virus, the covalently closed circular DNA (cccDNA).2 The
episomal HBV cccDNA serves as a transcription template
and can cause a relapse of hepatitis B when pharmaco-
logical treatment ends.3,4 During acute, self-limited hep-
atitis B, patients mount a strong T-cell response against
multiple viral antigens5–8 that is required to eliminate
cccDNA-positive hepatocytes and to clear the virus.9 Such
a T-cell response is lacking in chronic infection.

The aim of immunotherapy against chronic hepatitis
B is to restore efficient antiviral immune responses and
complement pharmacological antiviral therapy to elimi-
nate remaining infected cells. A promising immunother-
apeutic approach is the adoptive transfer of genetically
modified HBV-specific T cells. In infected cells, HBV en-
velope proteins are incorporated into endoplasmic retic-
ulum membranes, where they either form (sub)viral
particles or may reach the cell surface by physiological
membrane exchange.10 These (sub)viral particles can be
detected in large amounts in sera of infected patients
as hepatitis B surface antigen (HBsAg) and very likely
contribute to induction of immune tolerance.11 Because
the expression of HBV surface proteins is not controlled
by available antiviral agents and is usually maintained in
HCC with integrated viral genomes, HBsAg remains pos-
itive under antiviral therapy, even in late stages of chronic
hepatitis B in which HCC has developed. Targeting HBV
surface proteins therefore seems most promising.

We have previously shown that expression of a chimeric
antigen receptor (CAR) directed against the HBV surface
proteins enables human T cells to kill HBV-infected
human hepatocytes and to eliminate viral cccDNA
in vitro.12 On this basis, we here addressed the question

*Authors share co-first authorship.

Abbreviations used in this paper: ALT, alanine aminotransferase; CAR,
chimeric antigen receptor; cccDNA, covalently closed circular DNA; CEA,
carcinoembryonic antigen; DC, dendritic cells; HBsAg, hepatitis B sur-
face antigen; HBV, hepatitis B virus; HBVtg, hepatitis B virus transgenic;
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ABSTRACT
Objective Pancreatic ductal adenocarcinoma (PDAC) is 
a disease of unmet medical need. While immunotherapy 
with chimeric antigen receptor T (CAR-T) cells has shown 
much promise in haematological malignancies, their 
efficacy for solid tumours is challenged by the lack of 
tumour-specific antigens required to avoid on-target, off-
tumour effects. Switchable CAR-T cells whereby activity 
of the CAR-T cell is controlled by dosage of a tumour 
antigen-specific recombinant Fab-based ’switch’ to afford 
a fully tunable response may overcome this translational 
barrier.
Design In this present study, we have used 
conventional and switchable CAR-T cells to target the 
antigen HER2, which is upregulated on tumour cells, 
but also present at low levels on normal human tissue. 
We used patient-derived xenograft models derived 
from patients with stage IV PDAC that mimic the most 
aggressive features of PDAC, including severe liver and 
lung metastases.
Results Switchable CAR-T cells followed by 
administration of the switch directed against human 
epidermal growth factor receptor 2 (HER2)-induced 
complete remission in difficult-to-treat, patient-derived 
advanced pancreatic tumour models. Switchable HER2 
CAR-T cells were as effective as conventional HER2 
CAR-T cells in vivo testing a range of different CAR-T cell 
doses. 
Conclusion These results suggest that a switchable 
CAR-T system is efficacious against aggressive and 
disseminated tumours derived from patients with 
advanced PDAC while affording the potential safety of a 
control switch.

INTRODUCTION
Pancreatic ductal adenocarcinoma (PDAC) is the 
fourth most common cause of cancer-related deaths, 
with a 5-year survival rate of less than 10%. Due 
to a lack of early symptoms, the disease is mostly 
diagnosed at an advanced stage (stage IV), with less 
than 20% of patients presenting with localised and 
therefore resectable tumours.1 As current therapies 
for patients with advanced disease are merely able 
to extend survival by a few months, PDAC is consid-
ered a disease with an urgent and unmet medical 
need. It is now understood that inherent or rapidly 
evolving chemoresistance and subsequent relapse is 
driven by a subset of cells with stem cell-like prop-
erties.2–4 Any new treatment developed for PDAC 

must also efficiently target this cancer stem cell 
(CSC) population to achieve durable responses.5 

Chimeric antigen receptor T cells (CAR-T) 
have shown tremendous success against CD19-ex-
pressing B cell leukaemia.6 7 In contrast, CAR-T 

Significance of this study

What is already known on this subject?
 Ź Chimeric antigen receptor T (CAR-T) cell 
therapy has demonstrated remarkable clinical 
success in haematological diseases.

 Ź CAR-T cell therapy for pancreatic cancer via 
targeting of HER2 has shown promising results 
in cell line-based models.

 Ź Potential on-target off-tumour effects due to 
low-level HER2 expression in the lung and 
other tissues may cause dangerous toxicity 
in patients; a titratable CAR-T system may 
therefore offer potential for safety without 
compromising efficacy.

What are the new findings?
 Ź Switchable CAR-T cells followed by 
administration of a Fab-based switch directed 
against HER2 are highly effective against 
difficult-to-treat, patient-derived advanced 
pancreatic tumours

 Ź The switchable HER2 platform is as effective as 
conventional HER2 CAR-T cells across a range 
of different CAR-T cell doses in patient-derived 
xenograft models.

 Ź Dosage of the HER2 switch elicited significant 
cytokine production from switchable CAR-T 
cells in vivo, suggesting that switchable CAR-T 
cell activity can be modulated in vivo by 
administration (or absence) of switch.

 Ź The switchable HER2 platform is expected 
to be an attractive therapeutic option to 
control activation of CAR-T cells for antigens 
such as HER2, which is upregulated in tumours 
but shared with normal tissue.

How might it impact on clinical practice in the 
foreseeable future?

 Ź Due to its titratability, the switchable CAR-T cell 
platform against HER2 bears potential to safely 
improve the outcome of patients with advanced 
pancreatic cancer.
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preclinical and early clinical studies [106, 107]. Trastu-
zumab, a humanized monoclonal antibody developed to
target overexpressed HER2 receptor, has also shown suc-
cess as an immunotherapy treatment. Trastuzumab,
along with chemotherapy, has increased overall survival
and risk of recurrence compared to chemotherapy alone
in HER2 overexpressing breast cancer patients [108].
Several groups have reported the anti-tumor activity,
persistence, and application feasibility of HER2 CAR T
cells preclinically in HER2 overexpressing cancer as an
alternative targeted therapy [109–111]. The success of
preclinical experiments of HER2 CAR T cell has led to
the initiation of several clinical trials for the treatment of
various cancers [112–114]. Additionally, Her2 is also
used as a target in combinatorial therapy engaging mul-
tiple targets as well as modified receptors that enhance
T cell signaling. T1E28z CAR T cells engage multiple
ErbB dimers, including Her2-containing heterodimers.
The CAR is co-expressed with a chimeric cytokine re-
ceptor called 4αβ that amplifies mitogenic stimulus de-
livered by IL-4, providing a convenient tool to enrich
CAR T cells ex vivo [115]. Initial trials using these com-
binatorial CARs have shown safe intra-tumoral adminis-
tration in patients with advanced head and neck
squamous cancer [116].

GD2
GD2 is a ganglioside antigen that is expressed on the
surface of several malignancies including neuroblastoma
[117], glioma, cervical cancer, and sarcoma [118, 119]. The
normal expression of the protein is limited to neurons,
melanocytes, and peripheral nerve fibers [119–121]. One
of the most successful trial reports for CARs in solid
tumors has been using GD2 as a target for neuroblastoma
[122–125]. Not only did GD-2 CAR T cells induce a re-
sponse in 30% of patients, including a complete remission
in 3 patients, but researchers found long term persistence
of the CAR T cells post treatment, which subsequently re-
duced tumor recurrence/progression [125]. Meanwhile,
GD2 monoclonal antibodies (Dinutuximab) have been
effective for the control of neuroblastoma [119, 126–128]
and this product is currently FDA approved for that appli-
cation. There have been some observed cytotoxicities
associated with targeting GD2, such as sensorimotor
demyelinating polyneuropathy presumably caused by
on-target toxicity affected myelinated peripheral nerve
fibers [120]. In preclinical models, severe lethal CNS tox-
icity caused by CAR T cell infiltration and proliferation
within the brain resulted in neuronal destruction [129].
Therefore, although there has been success utilizing CAR
therapy in patients, necessary precautions need to be

Fig. 5 Biomarker targets for solid malignancies. Over 14 different organ types are currently being targeted using a variety of different biomarkers.
Many biomarker targets have expression in several different cancer types
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SUPRA CAR: split, universal, and programmable 
(SUPRA) CAR system

To finely tune T cell activation strength

To sense and logically respond to multiple antigens
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andCD20, respectively, have been developed to combat antigen
escape (Grada et al., 2013; Zah et al., 2016). Also, CD22 and
CD123 CARs have been recently developed to increase tumor
specificity (Haso et al., 2013; Ruella et al., 2016). However, as
illustrated in a recent clinical trial with CD22 CAR T cells for pa-
tients relapsed from CD19 CAR T therapy, tumors can still evade
detection by the engineered T cells by losing or downregulating
both antigens (Fry et al., 2018). In such cases, T cells would need
to be re-engineered to target another antigen. Using the SUPRA
CAR platform, however, different antigens can be easily targeted
without further genetic manipulation. To test if SUPRA CAR
could be used to target either one of the two antigens on the
cell surface, we co-cultured Her2/Axl+ K562 cancer cells with
RR zipCAR expressing CD8+ T cells. Then, different zipFv com-
binations were added to the cell mixture (a-Axl zipFv, a-Her2

Figure 2. Utilizing SUPRA CAR for OFF
Switch Function and Combinatorial Anti-
gens Targeting
(A) (Left) A Schematic diagram of the SUPRA CAR

system with an OFF switch zipFv. Three compet-

itive leucine zippers that can bind to the EE leucine

zipper with different affinities are used to tune the

T cell activation level. (Right) A cytotoxicity plot

demonstrating the effect of competitive zipFvs

(n = 3, mean ± SD).

(B) A cytotoxicity plot of ‘‘OR’’ gate implementation

of the SUPRA CAR system. Her2+/Axl+ K562

tumor cells were co-cultured with RR-zipCAR-ex-

pressing CD8+ T cells with different zipFv combi-

nations (n = 3, mean ± SD).

(C) Using the SUPRA CAR system as cell selector.

Cells either expressed Her2 or Her2 and Axl. Axl

acted as a ‘‘safe marker’’ that can inhibit SUPRA

CAR T cell activity (n = 3, mean ± SD, statistical

significance was determined by Student’s t test,

*** = p % 0.001).

See also Figure S3.

zipFv, or both) (Figure 2B). As expected,
the addition of zipFv targeting either
Her2, Axl, or both led to high killing effi-
ciency, illustrating the potential of pro-
gramming the SUPRA CAR system to
combat antigen escape.

Another limitation of targeted tumor
therapy is the difficulty in identifying a
single tumor-specific antigen, which af-
fects both tumor specificity and toxicity.
Receptor systems that can perform
combinatorial antigen detection have
been developed to enhance the speci-
ficity of CAR T cell therapy (Kloss et al.,
2013; Roybal et al., 2016). However,
these receptor systems have a fixed anti-
gen specificity design. Here, we investi-
gated if the SUPRA CAR system can
also be used to increase tumor specificity
through combinatorial antigen sensing
(Figure 2C). In particular, we used the

SUPRA CAR system to target cells that express Her2 only and
spare cells that express both Her2 and Axl, where Axl served
as a ‘‘safety marker.’’ To achieve our design, we developed an
a-Axl-SYN2 zipFv (green) that binds to a-Her2-EE zipFv (red)
through a complementary zipper on each zipFv; this prevents
the a-Her2-EE zipFv from binding to the zipCAR, thus protecting
the Her2+/Axl+ cells. In contrast, since a-Axl-SYN2 zipFv cannot
bind to Her2-only cells, the a-Her2-EE zipFv will not be blocked
from activating the zipCAR.
To demonstrate such Her2, but not Axl, logical operation, we

first co-cultured RR zipCAR expressing CD8+ T cells with
Her2+/Axl+ cells and zipFvs (Figure 2C, left). As expected, the
addition of the a-Her2-EE zipFv alone achieved high tumor-
killing efficiency. However, when the a-Her2-EE zipFv was
added after the a-Axl-SYN2 zipFv, the two zipFvs bound to
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gens Targeting
(A) (Left) A Schematic diagram of the SUPRA CAR

system with an OFF switch zipFv. Three compet-

itive leucine zippers that can bind to the EE leucine

zipper with different affinities are used to tune the

T cell activation level. (Right) A cytotoxicity plot

demonstrating the effect of competitive zipFvs

(n = 3, mean ± SD).

(B) A cytotoxicity plot of ‘‘OR’’ gate implementation

of the SUPRA CAR system. Her2+/Axl+ K562

tumor cells were co-cultured with RR-zipCAR-ex-

pressing CD8+ T cells with different zipFv combi-

nations (n = 3, mean ± SD).

(C) Using the SUPRA CAR system as cell selector.

Cells either expressed Her2 or Her2 and Axl. Axl

acted as a ‘‘safe marker’’ that can inhibit SUPRA

CAR T cell activity (n = 3, mean ± SD, statistical

significance was determined by Student’s t test,

*** = p % 0.001).

See also Figure S3.

zipFv, or both) (Figure 2B). As expected,
the addition of zipFv targeting either
Her2, Axl, or both led to high killing effi-
ciency, illustrating the potential of pro-
gramming the SUPRA CAR system to
combat antigen escape.

Another limitation of targeted tumor
therapy is the difficulty in identifying a
single tumor-specific antigen, which af-
fects both tumor specificity and toxicity.
Receptor systems that can perform
combinatorial antigen detection have
been developed to enhance the speci-
ficity of CAR T cell therapy (Kloss et al.,
2013; Roybal et al., 2016). However,
these receptor systems have a fixed anti-
gen specificity design. Here, we investi-
gated if the SUPRA CAR system can
also be used to increase tumor specificity
through combinatorial antigen sensing
(Figure 2C). In particular, we used the

SUPRA CAR system to target cells that express Her2 only and
spare cells that express both Her2 and Axl, where Axl served
as a ‘‘safety marker.’’ To achieve our design, we developed an
a-Axl-SYN2 zipFv (green) that binds to a-Her2-EE zipFv (red)
through a complementary zipper on each zipFv; this prevents
the a-Her2-EE zipFv from binding to the zipCAR, thus protecting
the Her2+/Axl+ cells. In contrast, since a-Axl-SYN2 zipFv cannot
bind to Her2-only cells, the a-Her2-EE zipFv will not be blocked
from activating the zipCAR.
To demonstrate such Her2, but not Axl, logical operation, we

first co-cultured RR zipCAR expressing CD8+ T cells with
Her2+/Axl+ cells and zipFvs (Figure 2C, left). As expected, the
addition of the a-Her2-EE zipFv alone achieved high tumor-
killing efficiency. However, when the a-Her2-EE zipFv was
added after the a-Axl-SYN2 zipFv, the two zipFvs bound to
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• Female, 18 years old
• DLBCL R/R disease 7L of treatements

CAR-T in Montpellier

Before
infusion

M1 post-
infusion

M2 post-
infusion

M3 post-
infusion

• Au 22 sept: 
– 50 patients infused
– 10 planned for infusion before end of nov
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