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ABSTRACT
Background T cell engaging therapies, like chimeric 
antigen receptor T cells and T cell bispecific antibodies 
(TCBs), efficiently redirect T cells towards tumor cells, 
facilitating the formation of a cytotoxic synapse and 
resulting in subsequent tumor cell killing, a process that 
is accompanied by the release of cytokines. Despite their 
promising efficacy in the clinic, treatment with TCBs is 
associated with a risk of cytokine release syndrome (CRS). 
The aim of this study was to identify small molecules 
able to mitigate cytokine release while retaining T cell- 
mediated tumor killing.
Methods By screening a library of 52 Food and Drug 
Administration approved kinase inhibitors for their impact 
on T cell proliferation and cytokine release after CD3 
stimulation, we identified mTOR, JAK and Src kinases 
inhibitors as potential candidates to modulate TCB- 
mediated cytokine release at pharmacologically active 
doses. Using an in vitro model of target cell killing by 
human peripheral blood mononuclear cells, we assessed 
the effects of mTOR, JAK and Src kinase inhibitors 
combined with 2+1 T cell bispecific antibodies (TCBs) 
including CEA- TCB and CD19- TCB on T cell activation, 
proliferation and target cell killing measured by flow 
cytometry and cytokine release measured by Luminex. 
The combination of mTOR, JAK and Src kinase inhibitors 
together with CD19- TCB was evaluated in vivo in non- 
tumor bearing stem cell humanized NSG mice in terms 
of B cell depletion and in a lymphoma patient- derived 
xenograft (PDX) model in humanized NSG mice in terms of 
antitumor efficacy.
Results The effect of Src inhibitors differed from those of 
mTOR and JAK inhibitors with the suppression of CD19- 
TCB- induced tumor cell lysis in vitro, whereas mTOR and 
JAK inhibitors primarily affected TCB- mediated cytokine 
release. Importantly, we confirmed in vivo that Src, JAK 
and mTOR inhibitors strongly reduced CD19- TCB- induced 
cytokine release. In humanized NSG mice, continuous 
treatment with a Src inhibitor prevented CD19- TCB- 
mediated B cell depletion in contrast to mTOR and JAK 
inhibitors, which retained CD19- TCB efficacy. Ultimately, 
transient treatment with Src, mTOR and JAK inhibitors 
minimally interfered with antitumor efficacy in a lymphoma 
PDX model.

Conclusions Taken together, these data support further 
evaluation of the use of Src, JAK and mTOR inhibitors as 
prophylactic treatment to prevent occurrence of CRS.

BACKGROUND
T cell engaging bispecific antibodies have 
raised major interest for the treatment 
of hematological and solid tumors.1–3 
We have developed T cell bispecific anti-
bodies (TCBs), for example, cibisatamab 
(CEA- TCB)4 5 or glofitamab (CD20- TCB),6 
harboring a 2+1 format with one binder to 
the CD3ε chain and two binders to specific 
tumor antigens (figure 1A). Crosslinking 
of CD3 with tumor antigens triggers T cell 
activation and proliferation, cytokine release 
and tumor cell killing.7–11 In contrast to 
chimeric antigen receptor (CAR) T cells, 
TCBs represent an ‘off the shelf’ alterna-
tive to recruit T cells for tumor killing.7 12 13 
Their Fc region is engineered with P329G 
LALA mutations preventing FcγR signaling 
pathways and enabling a longer half- life than 
Fv- based formats such as BiTE (Bi- specific 
T- cell engagers) antibodies.14 15 Treatment 
with TCBs can be associated with adverse 
events related to their mode- of- action such 
as the cytokine release syndrome (CRS), 
which is due to on- target activity.16 17 This 
complex clinical syndrome featured by fever 
and hypotension and/or hypoxia is hardly 
predictable.18 The main driver of CRS is a 
strong release of pro- inflammatory cytokines 
such as tumor necrosis factor (TNF)-α and 
interferon (IFN)-γ (produced by T cells)19 
and TNF-α, interleukin (IL)- 1β and IL- 6 
(produced by myeloid cells).20–23 The symp-
toms of CRS can vary from mild to severe, 
and are classified in different grades.24 CRS 
can be managed with glucocorticoids and/or 
anti- IL- 6/R treatment such as tocilizumab or 
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siltuximab.19 25 26 If symptoms are not resolved, patients 
receive supportive care to stabilize blood pressure and 
oxygen saturation (eg, administration of vasopressors or 
oxygen). Despite the broad use of prophylactic glucocor-
ticoids and step- up- dosing approaches to decrease CRS 
incidence and severity in the clinic, this complication 
remains the major dose- limiting toxicity associated with 
T cell engaging therapies. There is a continued need to 
develop alternative treatments with the goal to improve 
CRS management and to reduce patient hospitalization, 
ideally through prophylactic treatments to prevent or 
reduce the occurrence and severity of CRS. To identify 
potential candidates that inhibit both T cell prolifera-
tion and cytokine release while retaining T cell- mediated 
tumor killing, we screened 52 Food and Drug Admin-
istration (FDA)- approved tyrosine kinase inhibitors on 
CD3- stimulated T cells, mimicking TCB stimulation 
(online supplemental file 2).27 We selected JAK, mTOR, 
Src and MEK inhibitors as potent candidates to exert 
control over T cell proliferation and cytokine release. 
Using an in vitro model of target cell killing by human 
peripheral blood mononuclear cells (PBMCs), we tested 
the effect of mTOR, JAK and Src inhibitors on CD19- 
TCB- induced cytokine release, T cell cytotoxicity and 
activation. In line with previous reports for CAR- T cells, 
the Src inhibitor dasatinib was found to fully switch- off 
CD19- TCB- induced T cell functionality.28–31 In contrast, 
mTOR inhibitors (temsirolimus, sirolimus and evero-
limus) and JAK inhibitors (ruxolitinib, baricitinib, and 
tofacitinib) were found to prevent CD19- TCB- induced 
cytokine release while not blocking TCB- mediated 
tumor cell killing at pharmacologically relevant doses. 
In vivo, mTOR and JAK inhibitors prevented cytokine 
release in humanized NSG mice treated with CD19- TCB, 
while not impairing B cell depletion. In lymphoma 
patient- derived xenograft (PDX)- bearing humanized 
NSG mice, transient treatment with kinase inhibitors 
inhibited cytokine release but did not impair CD19- TCB 
antitumor efficacy. The use of mTOR or JAK inhibitors 
therefore represents a promising strategy to prevent 
CRS on TCB treatment.

MATERIAL AND METHODS
Kinase inhibitors and antibodies
CEA- TCB (cibisatamab) and CD19- TCB were produced 
internally in the 2+1 TCB format previously described 
(Bacac et al CCR 2016 for CEA- TCB). Dasatinib (S1021), 
ponatinib (S1490), bosutinib (S1014), sirolimus (S1039), 
temsirolimus (S1044), everolimus (S1120), ruxolitinib 
(S1378), baricitinib (S2851), fedratinib (S2736), tofac-
itinib (S2789), trametinib (S2673), dexamethasone 
(S1322) were purchased from Selleckchem. Methylpred-
nisolone was purchased from Pfizer. The compounds 
from the library used in the screen were produced inter-
nally or purchased from Selleckchem, LC Laboratories, 
Ambeed or Apollo Scientific.

Cell culture
The SU- DHL- 8 cell line is a human large cell lymphoma 
cell line (American Type Culture Collection (ATCC) 
catalog number CRL- 2961). The NALM- 6 cell line is 
an acute lymphoblastic leukemia cell line (ATCC CRL- 
3273). SU- DHL- 8 and NALM- 6 cells were cultured in 
RPMI GlutaMAX (61870036, Gibco) containing 10% 
fetal bovine serum (FBS) (26140079, Gibco) and split 
every 3–4 days (to 0.8 million cells/mL) or on the day 
prior the assay. SU- DHL- 8 and NALM- 6 cell lines provided 
from ATCC are routinely authenticated by short tandem 
repeat profiling prior to delivery. The diffuse large B 
cell lymphoma PDX was obtained from a patient who 
relapsed after R- CHOP treatment, and purchased from 
the Charles University in Prague. For in vitro use, the 
cells were thawed on the day of the assay and cultured 
in RPMI GlutaMAX (61870036, Gibco) containing 10% 
FBS (26140079, Gibco). For in vivo use, the cells were 
thawed, counted and suspended in a 50:50 mix of RPMI 
(1530586, Gibco) and Matrigel (354234, Corning).

PBMCs and pan-T cells isolation
Peripheral blood mononuclear cells (PBMCs) were 
isolated from buffy coats donated by healthy volunteers 
(blood donation center in Zürich, in accordance with 
the Declaration of Helsinki) by Ficoll density gradient. T 
cells were isolated from fresh human PBMCs by negative 
magnetic isolation using the pan T cell isolation kit from 
Miltenyi Biotec (130- 096- 535). Before the assay, T cells 
and fresh or thawed PBMCs were counted and adjusted 
to 4.0×106/mL in assay medium. 50 µL of the cell suspen-
sion were transferred to the wells of the assay plates, 
corresponding to 200,000 cells/well. For the proliferation 
assay, T cells were previously stained with the Cell Trace 
Violet (CTV) dye (Thermo Fisher, C34557) (5 µM, 20 min 
at room temperature (RT)).

In vitro killing assays
NALM- 6, SU- DHL- 8 or lymphoma PDX were labeled with 
the CTV dye (Thermo Fisher, C34557) (5 µM, 20 min at 
RT). 20,000 NALM- 6, SU- DHL- 8 or lymphoma PDX cells 
were transferred into each well (100 µL) followed by 
200,000 effector cells/well (50 µL) to obtain a final effec-
tor:target cell (E:T) ratio of 10:1, respectively. The kinase 
inhibitors (10 µL) followed by the antibody solutions 
(50 µL) were then added. The assay plates were covered 
with lids, and placed in the incubator at 37°C, 5% carbon 
dioxide.

Flow cytometry
At assay endpoint, PBMCs were stained with the anti-
bodies to CD4 (FITC, 317408, Biolegend), CD8 (BV605, 
344742, Biolegend), CD25 (BUV395, 564034, BD), 
CD69 (PE, 310306, Biolegend), TIM3 (BV785, 345031 
Biolegend), PD1 (BUV737, 565299, BD), LAG3 (APC, 
369211, Biolegend) and Live Dead NIR (Thermo Fisher, 
L34975) in fluorescence- activated cell sorting (FACS) 
buffer (30 min, 4°C). Cells were then washed twice in 
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Figure 1 High throughput screening of 52 FDA- approved kinase inhibitor to identify candidates reducing TCB- induced T 
cell proliferation and cytokine release. (A) TCBs are fully humanized IgG1 antibodies providing bivalent binding to the tumor 
associated antigen and monovalent binding to the CD3ε of T- cell receptor on T cells (2+1 format). (B) CTV- labeled pan T cells 
were stimulated on CD3 coated plate in the absence and presence of 10, 100 and 1000 nM of each kinase inhibitor to mimic 
the TCB stimulation. (C) The dilution peaks of the CTV dye were measured by flow cytometry at 96 hours to evaluate the effect 
of the different kinase inhibitors on CD4+ and CD8+ T cell proliferation. The proliferation of CD4+ and CD8+ cells was normalized 
to proliferation of untreated T cells (DMSO control). mTOR, JAK, Src and MEK inhibitors were identified as hits of the screen. 
(D) The effects of escalating concentrations of the selected mTOR, JAK, Src and MEK inhibitor candidates on TNF-α, IL- 2, 
granzyme- B (GrzB), IFN-γ and CD4+ (CD4 p) and CD8+ (CD8 p) proliferation are depicted in a heat map. The levels of TNF-α, 
IL- 2, GrzB and IFN-γ were measured in the supernatants by CBA (24 hours) and normalized to untreated T cells. Median of 
technical triplicates, one donor. CBA, cytometric bead array; CTV, cell trace violet; DMSO, dimethyl sulfoxide; FDA, Food and 
Drug Administration; IFN, interferon; IL, interleukin; TCB, T cell bispecific antibody; TCR, T cell receptor; TNF, tumor necrosis 
factor.
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FACS buffer and re- suspended in 100 µL/well FACS 
buffer for analysis. Killing of CTV- labeled tumor cells 
was measured by gating of dead NIR- positive cells among 
CTV positive tumor cells. Proliferation of CTV- labeled T 
cells was assessed by dilution of the CTV dye.

To measure B cell count in the blood, 25 µL of blood 
was lysed twice using BD Pharm Lyse buffer (555899, 
BD) (200 µL, 10 min, RT). To measure B cell count in 
the spleen, spleens were processed, lysed with BD Pharm 
Lyse buffer (555899, BD) (2 mL, 10 min, RT) and cells 
were counted and suspended uniformly. Cells were 
then stained with the following the antibodies to CD45 
(Alexa 700, 304119, Biolegend), CD20 (APC, 302309, 
Biolegend) and Live Dead NIR (L10119, Thermo Fisher) 
in FACS buffer (30 min, 4°C). Cells were then washed 
twice in FACS buffer and re- suspended in 100 µL/well 
FACS buffer for analysis. The acquisition of samples was 
performed using high throughput screening plate reader 
connected to a BD Fortessa Flow cytometer and the DIVA 
Software.

Cytokine analysis
Cytokines were analyzed in the culture supernatant or 
mouse serum samples (stored at −80°C) by Luminex 
using a human 8 plex assay kit (Bio- Rad) with additional 
IL- 1β and monocyte chemoattractant protein- 1 (MCP- 1) 
beads, or human 23/40 plex assay kit (Bio- Rad). Predi-
luted supernatants/serum were incubated with beads in 
a 96- well filter plate (1 hour, 800 rpm, RT, no light). The 
plate was washed twice using a vacuum manifold and the 
detection antibodies solution was added (1 hour, 800 rpm, 
RT, no light). The plate was vacuumed and washed twice 
and the streptavidin solution was added (30 min, 800 rpm, 
RT, no light). The plate was vacuumed and washed twice 
and the samples were re- suspended in assay buffer. The 
sample acquisition was conducted using the Luminex 
equipment from Bio- Rad.

In vivo studies in mice
Humanized NSG mice were ordered from the Jackson 
Laboratory. The Institutional Animal Care and Use 
Committee of RICZ and the Cantonal Veterinary Office 
of Zurich approved the study protocol (license ZH225- 17) 
in accordance with the Swiss Animal Protection Law. All 
the experiments were performed according to committed 
guidelines (GV- Solas; Felasa; TierschG) and under the 
AALAC accreditation. One day before treatment, human-
ized NSG mice were randomized based on their T cell 
counts into groups of three to four mice in the non- tumor 
bearing mouse study, or based on their tumor volumes 
into groups of seven to eight mice in the tumor- bearing 
mouse study. Blood was collected by tail- vein bleeding 
or by terminal retro- orbital bleeding. Tumor volumes 
were calculated from caliper measurements conducted 
2–3 times per week. CD19- TCB (0.5 mg/kg), or vehicle 
were administered intravenously and kinase inhibitors 
as well as dexamethasone and methylprednisolone were 
given orally (p.o.). In both studies, mice treated with 

kinase inhibitors, methylprednisolone or dexamethasone 
1 hour before and 6–7 hours after the first treatment with 
CD19- TCB on day 0. On day 1 and day 2, the Src inhibi-
tors and JAK inhibitors were given twice per day and the 
mTOR inhibitors, methylprednisolone or dexametha-
sone were given once per day. In the PDX- bearing mouse 
study, humanized NSG mice received a total of four cycles 
of CD19- TCB (one treatment/week). 1 hour prior the 
second to last TCB treatment, mice were also treated 
with the lowest dose of the compounds. The doses of the 
different compound tested were the following: mTOR 
inhibitors: 5 mg/kg, JAK inhibitors: 30 mg/kg, Src inhib-
itor: 20 or 50 mg/kg, dexamethasone: two times 1 mg/kg 
(day 0), 0.5 mg/kg (day 1), 0.25 mg/kg, (day 2 and other) 
methylprednisolone: two times 10 mg/kg (day 0), 5 mg/
kg (day 1), 2.5 mg/kg (day 2 and other).

Histology analysis
In the lymphoma PDX study, the tumor samples were 
harvested, fixed in 10% formalin (Sigma, Germany) and 
later processed for FFPET (VIP6 Sakura, Japan). Four µm 
paraffin sections were subsequently cut with a microtome 
(Leica RM2235, Germany). H&E staining was performed 
in automated Leica system (Leica ST5010) following the 
manufacturer’s instructions. Immunohistochemistry was 
performed with an anti- human CD3 antibody (clone SP7, 
d=1/100, Diagnostic Biosystem) in the Leica autostainer 
(Leica Bond RX, Germany). Sections were counter-
stained with hematoxylin and slides were scanned using 
Nanozoomer scanner (Hamamatsu, Japan). CD3 T cells 
were quantified using the Visiopharm software.

Data analysis
Flow cytometry data were analyzed using FlowJo V.10. 
Cytokine data were analyzed using the Bio- Plex software. 
The graphs and statistical analysis were generated with 
GraphPad Prism 8 or Tibco Spotfire. For dose- titration 
curves, areas under the curve (AUC) were calculated 
and used for statistical comparison and EC50 values were 
calculated by non- linear regression using the variable 
slope methods with four parameters. Data are shown 
as means with SD or SEM or as individual curves. The 
statistical tests used are indicated in the figure legends for 
each experiment.

Additional methods are described in the online supple-
mental material. The graphical abstract and figure 4A 
were made with  BioRender. com.

RESULTS
A small molecule screening of 52 FDA-approved kinase 
inhibitors identifies mTOR, JAK, MEK and Src kinase 
inhibitors as potential candidates to pause TCB-induced T cell 
proliferation
To identify families of kinase inhibitors that could poten-
tially prevent T cell proliferation and cytokine release 
following CD3 stimulation, we screened a library of 
52 FDA- approved kinase inhibitors at three different 
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concentrations: 1000, 100 and 10 nM (figure 1A,B). CTV- 
labeled T cells were stimulated on CD3- coated plates 
in the presence and absence of the kinase inhibitors 
(figure 1B). At 96 hours, the dilution of the CTV dye was 
measured by flow cytometry as a readout for CD4+ and 
CD8+ T cell proliferation. As a result, mTOR, JAK, Src 
and MEK inhibitors strongly reduced CD4+ and CD8+ T 
cell proliferation when used at a concentration of 100 nM 
(figure 1C,D and online supplemental figure S1A). In 
line with findings on T cell proliferation, the Src, MEK 
and mTOR inhibitors dose- dependently reduced T- cell 
derived cytokine as well as Granzyme B secretion, with the 
exception of the JAK inhibitors (figure 1D, online supple-
mental figure S1B). The screening of 52 FDA- approved 
kinase inhibitors enabled to select JAK inhibitors (ruxoli-
tinib, baricitinib and tofacitinib), mTOR inhibitors 
(sirolimus, everolimus and temsirolimus), MEK inhibi-
tors (trametinib, cobimetinib and binimetinib) and Src 
inhibitors (dasatinib and ponatinib) as potential drugs to 
fine tune TCB- induced T cell proliferation and cytokine 
release (figure 1C). We also considered the less potent Src 
inhibitor bosutinib and JAK inhibitor fedratinib, which 
inhibited T cell proliferation only at a higher concentra-
tion of 1000 nM (figure 1D, online supplemental figure 
S1A). In the next experiments, we applied the dose of 
100 nM, defined from dose- responses experiments of Src, 
mTOR and JAK inhibitors conducted in a killing assay 
using CEA- TCB (online supplemental figure S2–6). Since 
the effects of MEK1/2 inhibitor trametinib on CEA- TCB- 
mediated cytokine release correlated with an inhibition 
of tumor cell killing, we did not further investigate this 
class of kinase inhibitors for the mitigation of CD19- TCB 
related adverse events (online supplemental figure S2). 
This work subsequently focused on mTOR and JAK 
inhibitors in comparison to the effects of the Src inhib-
itor dasatinib, previously described for TCBs and CAR- T 
cells.30–33

The differential activities of Src, mTOR and JAK inhibitors 
reveal the uncoupling of CD19-TCB-induced cytokine release 
and cytotoxicity
We compared the effects of mTOR and JAK inhibitors to 
those of Src inhibitors on CD19- TCB- induced T cell acti-
vation, cytotoxicity and cytokine release in a killing assay 
co- culturing CTV- labeled SU- DHL- 8 tumor cells with 
PBMCs and CD19- TCB in the presence and absence of 
100 nM of either JAK (ruxolitinib, tofacitinib and baric-
itinib), mTOR (sirolimus, temsirolimus and everolimus) 
or Src (dasatinib) inhibitors (figure 2A). As a result, 
neither the JAK nor the mTOR inhibitors prevented 
killing of SU- DHL- 8 tumor cells, nor CD4+ and CD8+ T 
cell activation in contrast to the Src inhibitor dasatinib, 
as indicated by the dose- response curves of dead CTV- 
labeled SU- DHL- 8 cells and the expression of CD69 and 
CD25 on CD4+ and CD8+ T cells (figure 2B,C, online 
supplemental figure S7). Consistently with the switch- off 
of T cell functionality, the Src inhibitor dasatinib blocked 
CD19- TCB induced cytokine release (figure 2B–D). 

Interestingly, the mTOR inhibitors reduced IFN-γ, IL- 6, 
granulocyte- macrophage colony- stimulating factor (GM- 
CSF, IL- 2 and TNF-α and the JAK inhibitors reduced 
IFN-γ, IL- 6, GM- CSF and to a lower extent IL- 2 and 
TNF-α (figure 2D). When supplemented on pre- activated 
PBMCs, sirolimus and ruxolitinib also rapidly suppressed 
cytokine release while not preventing further killing of 
CTV- labeled NALM- 6 tumor cells, mimicking a clinical 
intervention for the mitigation of CRS (online supple-
mental figure S8). In summary, the use of mTOR and JAK 
inhibitors support the uncoupling of CD19- TCB- induced 
cytokine release and T cell cytotoxicity, opening new 
avenues for the mitigation of CD19- TCB- induced cyto-
kine release.

mTOR and JAK inhibitors suppress CD19-TCB induced 
cytokine release, comparably to dexamethasone and more 
robustly than IL-6R and TNF-α blockade with similar effect on 
T-cell cytotoxicity and T cell activation
The effects of mTOR, JAK and Src inhibitors on CD19- 
TCB- induced cytokine release, T cell activation and 
tumor cell killing were compared with those of IL- 6R 
blockade and dexamethasone, commonly used in the 
clinic for the mitigation of CRS, and to TNF-α blockade, 
currently being explored for the mitigation of CRS.21 34 
PBMCs were co- cultured with SU- DHL- 8 tumor cells and 
CD19- TCB in the presence and absence of 100 nM of the 
different kinase inhibitors, 100 nM dexamethasone or 
5 µg/mL anti- IL- 6R or anti- TNF-α. As expected, 100 nM 
dasatinib completely inhibited SU- DHL- 8 tumor cell 
killing, T cell activation and cytokine release, as opposed 
to anti- IL- 6R, anti- TNF-α, dexamethasone and the mTOR 
and JAK inhibitors which only modulated cytokine 
release while not strongly affecting tumor cell killing and 
T cell activation (figure 3A–C). The mTOR inhibitor siro-
limus suppressed CD19- TCB- induced IFN-γ, TNF-α, IL- 2 
and GM- CSF release to a broader extent than TNF-α, 
IL- 6R blockade and ruxolitinib. Indeed, the JAK inhib-
itor ruxolitinib reduced IFN-γ and TNF-α but had a lower 
effect on IL- 2 and GM- CSF release. (figure 3C). Collec-
tively, these data demonstrate that the JAK and mTOR 
inhibitors more broadly reduce CD19- TCB- induced 
cytokine secretion than TNF-α or IL- 6R blockade while 
retaining CD19- TCB- mediated tumor cell killing and T 
cell activation. Furthermore, mTOR inhibitors appear as 
preferred candidates to prevent cytokine release while not 
affecting EC50 values of CD19- TCB- induced SU- DHL- 8 
tumor cell killing, in contrast to ruxolitinib and dexa-
methasone (figure 3A).

mTOR and JAK inhibitors suppress CD19-TCB-induced 
cytokine release in humanized NSG mice while minimally 
interfering with B cell depletion
To verify if Src, mTOR and JAK inhibitors would suppress 
CD19- TCB induced cytokine release in vivo, humanized 
NSG mice were either treated with vehicle or 0.5 mg/kg 
CD19- TCB as a monotherapy or combined with sirolimus, 
ruxolitinib or dasatinib (figure 4A). In parallel, the effect 
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Figure 2 mTOR and JAK but not Src inhibitors prevent CD19- TCB- induced cytokine release while retaining tumor cell killing 
and T cell activation. (A) PBMCs were stimulated on CTV- labeled SU- DHL- 8 tumors cell by CD19- TCB in the presence of Src 
inhibitor (dasatinib), mTOR inhibitors (sirolimus, temsirolimus, everolimus) and JAK inhibitors (ruxolitinib, tofacitinib, baricitinib). 
(B) Effect of JAK, mTOR and Src inhibitors on CD19- TCB- induced killing of SU- DHL- 8 tumor cells. At 24 hours, technical 
replicates were pooled and stained with Live/Dead NIR, allowing measurement of dead SU- DHL- 8 cells by flow cytometry by 
gating on dead NIR positive cells. The EC50 values of each individual killing curve for n=3 donors are summarized in the bar 
plot (except for dasatinib, where EC50 values could not be calculated). (C) The levels of CD69 and CD25 on CD4+ and CD8+ T 
cells induced by CD19- TCB were measured by flow cytometry (24 hours). (B–C) Mean of n=3 donors+SD with *p≤0.05, **p≤0.01 
by one- way ANOVA (Friedman test). (D) The culture supernatants were pooled and the levels of TNF-α, IFN-γ, IL- 2, IL- 6 and 
GM- CSF were measured by Luminex (24 hours), mean of n=3 donors±SD. The statistical difference to CD19- TCB treatment are 
summarized in the table with *p≤0.05, **p≤0.01, ***p≤0.001 by one- way ANOVA (Friedman test). ANOVA, analysis of variance; 
CTV, Cell Trace Violet; GM- CSF, granulocyte- macrophage colony- stimulating factor; IFN, interferon; IL, interleukin; PBMCs, 
peripheral blood mononuclear cells; TCB, T cell bispecific antibody; TNF, tumor necrosis factor.
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Figure 3 The effects of mTOR and JAK inhibitors on CD19- TCB induced cytokine release, T cell activation and tumor cell 
killing are comparable to dexamethasone and more potent than IL- 6R and TNF-α blockade in reducing cytokine release. 
PBMCs were stimulated on CTV labeled SU- DHL- 8 tumors cell by CD19- TCB in the presence of 100 nM dasatinib (Src 
inhibitor), 100 nM sirolimus (mTOR inhibitor), 100 nM ruxolitinib (JAK inhibitor), 100 nM dexamethasone or 5 µg/mL of anti- IL- 
6R or anti- TNF-α. (A) At assay endpoint (24 hours), cells from technical replicates were pooled and the killing of CTV- labeled 
SU- DHL- 8 cells was measured by flow cytometry by gating on dead NIR- positive cells. The EC50 values of each individual 
killing curve for n=3 donors are summarized in the bar plot (except for dasatinib, where EC50 values could not be calculated). 
(B) In addition, the expression of CD69 and CD25 on CD4+ and CD8+ T cells was measured by flow cytometry. (C) Finally, the 
culture supernatants from technical replicates were pooled and the levels of TNF-α, IFN-γ, IL- 2 and GM- CSF were measured 
by Luminex (24 hours). (B–C) Mean of n=3 donors±SEM with *p≤0.05, **p≤0.01, ***p≤0.001 by one- way analysis of variance 
(Friedman test). For cytokine data, the statistical differences to CD19- TCB treatment are summarized in the table. CTV, Cell 
Trace Violet; GM- CSF, granulocyte- macrophage colony- stimulating factor; IFN, interferon; IL, interleukin; PBMCs, peripheral 
blood mononuclear cells; TCB, T cell bispecific antibody; TNF, tumor necrosis factor.
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Figure 4 mTOR and JAK inhibitors mitigate CD19- TCB- induced cytokine release in huNSG mice while not preventing CD19- 
TCB- induced B cell depletion. (A) In vivo experiment timelines and dosing schedule. Humanized NSG mice were co- treated with 
0.5 mg/kg CD19- TCB (intravenously) alone or in combination with 50 mg/kg dasatinib (p.o.), 30 mg/kg ruxolitinib (p.o), 5 mg/kg 
sirolimus (p.o.), two times 1 mg/kg, 0.5 mg/kg and 0.25 mg/kg dexamethasone (p.o), or two times 10 mg/kg, 5 mg/kg, 2.5 mg/kg 
methylprednisolone (p.o.). Figure made with BioRender.com. (B, C) Serum was collected from blood 6 hours post infusion with 
CD19- TCB and cytokine levels were measured by Luminex. The cytokine levels for each mouse were either compared across 
different treatment groups in a heat map or shown as mean of individual values (bar plots). (D, E). The counts of CD20+ B cells 
were measured in the spleen and blood collected at termination (72 hours) to assess the effect of kinase inhibitors on CD19- 
TCB- dependent B cell depletion. (C–E) The statistical differences to CD19- TCB monotherapy treatment are summarized in the 
table. Mean of n=4 or 3 mice±SD with *p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001 by one- way analysis of variance (Kruskal- 
Wallis test). IFN, interferon; IL, interleukin; IP, interferon gamma- induced protein MP, methylprednisolone; MCP, monocyte 
chemoattractant protein; p.o., orally; TCB, T cell bispecific antibody; TNF, tumor necrosis factor.
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of dexamethasone and methylprednisolone were also 
evaluated in this model. The different kinase inhibitors 
and glucocorticoids were given orally to reproduce the 
clinical route of administration. As a result, the mTOR 
inhibitor sirolimus reduced the levels of IFN-γ, IL- 2, IL- 6 
and TNF-α on infusion with CD19- TCB, comparably to 
dexamethasone, methylprednisolone and less efficiently 
than dasatinib (figure 4B,C). In line with in vitro observa-
tions, the JAK inhibitor ruxolitinib preferentially reduced 
IFN-γ and IL- 6 with a milder effect on TNF-α and IL- 2 
release (figure 4B,C). Additionally, the other JAK inhib-
itor baricitinib behaved like ruxolitinib and the other 
mTOR inhibitors temsirolimus and everolimus like siro-
limus in reducing CD19- TCB- induced cytokine release 
(online supplemental figure S9). Importantly, the CD20+ 
B cell counts measured in the spleen and peripheral blood 
(72 hours) at study termination showed that sirolimus 
and ruxolitinib induced a moderate, yet not significant, 
inhibitory effect on CD19- TCB- mediated B cell depletion 
(figure 4D,E). Dasatinib did not fully block CD19- TCB 
activity as indicated by the CD20+ B cell counts measured 
72 hours after CD19- TCB administration, consistent with 
our recent findings showing that dasatinib switches- off 
CD19- TCB activity up to 48 hours on treatment with 
CD19- TCB (figure 4D,E).32 33

Overall, this experiment demonstrates that the phar-
macodynamic profile of mTOR and JAK inhibitors in 
vivo is favorable to control CD19- TCB- mediated cytokine 
release, comparably to dexamethasone or methylprednis-
olone and less pronounced than dasatinib. In line with 
previous in vitro findings, mTOR inhibitors more broadly 
reduced cytokine release than JAK inhibitors. When 
applied continuously during 3 days, the different kinase 
inhibitors only minimally reduced CD19- TCB- mediated 
cytotoxicity, suggesting that transient treatment for the 
mitigation of CRS should not impair antitumor efficacy.

mTOR and JAK inhibitors do not suppress CD19-TCB 
antitumor activity in lymphoma PDX bearing mice, similarly to 
dexamethasone
We then evaluated the impact of Src, mTOR and JAK inhi-
bition in comparison to dexamethasone on CD19- TCB 
antitumor activity in humanized NSG mice engrafted with 
a lymphoma PDX. In vitro, these lymphoma cells were 
efficiently depleted by CD19- TCB in a killing assay (online 
supplemental figure S10). Mice bearing established PDX 
tumors were treated with either vehicle, CD19- TCB as a 
monotherapy or sirolimus, ruxolitinib, dasatinib, dexa-
methasone alone or in combination with CD19- TCB 
(online supplemental figure S11A). The different kinase 
inhibitors and dexamethasone were given 1 hour prior to 
the first treatment with CD19- TCB and subsequently once 
or twice per day for 3 days to prevent cytokine release, 
predominantly occurring on the first infusion. More-
over, they were also administered 1 hour before each 
subsequent treatment to prevent eventual residual cyto-
kine secretion (online supplemental figure S11A). Both, 
dexamethasone and sirolimus, given as a single agent, 

induced a reduction in tumor growth, yet not signifi-
cant (figure 5A,D). When combined with CD19- TCB, the 
resulting antitumor efficacy was slightly but not signifi-
cantly reduced and no reduction of T cell infiltration in 
the tumors was observed (figure 5A, D and E). However, 
sirolimus and dexamethasone suppressed IL- 2, IFN-γ, 
TNF-α and IL- 6 release on the first infusion (figure 5F). 
Additionally, co- treatment with ruxolitinib minimally 
interfered with CD19- TCB antitumor activity and T cell 
infiltration in the tumor and decreased IL- 6 and to a 
lower extent IFN-γ, TNF-α and IL- 2 release (figure 5B, E 
and F). Lastly, dasatinib strongly reduced T- cell derived 
cytokines (IFN-γ, TNF-α and IL- 2) on the first infusion 
while moderately affecting CD19- TCB antitumor effi-
cacy and T cell infiltration (figure 5C, E and F). Yet, this 
effect was not significant (figure 5C). This indicates that 
the transient use of dasatinib did not continuously block 
CD19- TCB- induced T cell cytotoxicity, in agreement with 
the reversible inhibitory properties of dasatinib.32 33 Addi-
tionally, cytokine levels were much lower 6 hours on the 
second infusion of CD19- TCB, suggesting that treatment 
with kinase inhibitors on the first infusion should be suffi-
cient to prevent cytokine release (online supplemental 
figure S12).

In summary, the transient use of ruxolitinib and siro-
limus, similarly to dexamethasone, decreased T- cell medi-
ated cytokine release on the first infusion of CD19- TCB, 
resulting in a better safety profile as indicated by the 
overall survival curves and changes in body weight (online 
supplemental figure S11B,C). Importantly, ruxolitinib, 
sirolimus and dexamethasone had comparable effects on 
CD19- TCB- induced antitumor efficacy (online supple-
mental figure S11D).

mTOR, JAK and Src inhibitors prevent rapid exhaustion of T 
cells after prolonged exposure to CD19-TCB
To further investigate how JAK, Src and mTOR inhibitors 
may retain the efficacy of CD19- TCB, we assessed their 
effect on T cell exhaustion after prolonged exposure 
to CD19- TCB using PD1, TIM3 and LAG3 as surrogate 
readouts. For this purpose, PBMCs were co- cultured with 
SU- DHL- 8 tumor cells and CD19- TCB in the presence 
and absence of 100 nM of JAK, mTOR and Src kinase 
inhibitors for 5 days. As a result, the Src inhibitor dasat-
inib stopped T cell exhaustion, as indicated by the low 
expression of PD1, TIM3 and LAG3 on CD4+ and CD8+ 
T cells (figure 6A,B). Furthermore, the JAK inhibitor 
ruxolitinib and mTOR inhibitor sirolimus reduced the 
expression of these three markers on T cells compared 
with CD19- TCB alone, suggesting that they may minimize 
rapid T cell exhaustion after treatment with CD19- TCB 
(figure 6A,B). Altogether, these data suggest that the Src 
inhibitor dasatinib and, to some extent, the JAK (ruxoli-
tinib) and mTOR (sirolimus) inhibitors may protect T 
cells from rapid exhaustion after continuous stimulation 
with CD19- TCB, and prolong their functionality in addi-
tion to preventing cytokine release.
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Figure 5 mTOR and JAK inhibitors do not inhibit CD19- TCB antitumor efficacy in vivo. Humanized NSG mice were engrafted 
with a lymphoma PDX (5 million cells, s.c.). When tumors reached 200 mm3, mice were randomized in groups of eight or seven 
based on their tumor size. They were treated with vehicle (intravenously), 5 mg/kg sirolimus (p.o.), 30 mg/kg ruxolitinib (p.o.), 
20 mg/kg dasatinib (p.o.), two times 1 mg/kg, 0.5 mg/kg, four times 0.25 mg/kg dexamethasone (p.o.) alone or in combination 
with 0.5 mg/kg CD19- TCB (intravenously), 0.5 mg/kg CD19- TCB (intravenously) as a monotherapy. (A–D) Tumor growth curves 
were plotted from tumor volumes measured using a Caliper, mean of n=6–8 mice+SD with *p≤0.05, **p≤0.01, ***p≤0.001 by 
one- way ANOVA (Kruskal- Wallis test). (E) Trends of CD3 counts in the tumors at experiment termination. Tumor sections were 
immunohistochemically stained with anti- CD3 (brown) and nuclei were counterstained with hematoxylin. CD3+ T cells were 
quantified in the different sections with the Visiopharm software. (F) The levels of IL- 2, IFN-γ, IL- 6 and TNF-α in the serum of the 
mice collected 6 hours post first infusion with CD19- TCB. The statistical differences to CD19- TCB treatment are summarized 
in the table. Mean of n=6–8 mice+SD with *p≤0.05, **p≤0.01, ***p≤0.001 by one- way ANOVA (Kruskal- Wallis test). ANOVA, 
analysis of variance; IFN, interferon; IL, interleukin; PDX, patient- derived xenograft; s.c., subcutaneously; p.o., orally; TCB, T cell 
bispecific antibody; TNF, tumor necrosis factor.
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Figure 6 Effect of Src, JAK and mTOR kinase inhibitors on T cell exhaustion induced by prolonged treatment with CD19- 
TCB. PBMCs co- cultured with SU- DHL- 8 tumors cell were stimulated by CD19- TCB in the presence of 100 nM dasatinib (Src 
inhibitor), 100 nM sirolimus (mTOR inhibitor) or 100 nM ruxolitinib (JAK inhibitor) for 5 days. Cells from technical duplicates were 
pooled and the expression of PD1, TIM3 and LAG3 on CD4+ and CD8+ was measured by flow cytometry. (A) Histogram plots 
showing the effects of 100 nM dasatinib (Srci), 100 nM sirolimus (mTORi) and 100 nM ruxolitinib (JAKi) on the expression of PD1, 
TIM3 and LAG3 induced by 10 nM CD19- TCB for n=3 donors. (B) The dose- response curves show the effect of kinase inhibitors 
on PD1, TIM3 and LAG3 expression on CD4+ and CD8+ T cells, means of n=3 donors±SD with *p≤0.05 by one- way analysis 
of variance (Kruskal- Wallis test). LAG3, lymphocyte- activation gene 3; PBMCs, peripheral blood mononuclear cells; PD1, 
programmed cell death protein- 1; TCB, T cell bispecific antibody; TIM3, T cell immunoglobulin and mucin- domain 3.
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DISCUSSION
By screening a library of 52 FDA- approved kinase inhib-
itors for their impact on T cell proliferation and cyto-
kine release after CD3 stimulation, we identified mTOR, 
JAK and Src kinases inhibitors as potential candidates to 
modulate TCB- mediated cytokine release at pharmaco-
logically active doses, as indicated in table 1. The effects 
of Src inhibitors differed from those of JAK and mTOR 
inhibitors with the suppression of CD19- TCB- induced 
tumor cell lysis in vitro (online supplemental figure S13). 
In contrast, JAK and mTOR inhibitors, comparably to 
dexamethasone, did not have a major impact on T cell 
killing and more broadly reduced TCB- mediated cytokine 
release than anti- TNF-α or anti- IL- 6R antibodies (online 
supplemental figure S13). Of note, mTOR inhibitors did 
not affect EC50 values of killing curves on CD19- TCB 
treatment, suggesting that they might be the preferred 
candidates over dexamethasone and JAK inhibitors for 
the prophylactic mitigation of CRS after treatment with 
TCBs. Importantly, JAK, mTOR and Src inhibitors also 
prevented cytokine release from PBMCs previously acti-
vated by a TCB. When used as intervention treatment for 
CRS, it is reasonable to think that kinase inhibitors would 
not only prevent release of T- cell derived cytokines but 
also—as a downstream consequence of the former—my-
eloid cell- derived cytokines known to be the key mediators 
of CRS.20–22 35 36 The in vitro co- culture of human PBMCs 
and tumor cells might be a better tool to recapitulate the 
effects of kinase inhibitors on myeloid cell- derived cyto-
kines (IL- 6, IL- 1β and TNF-α) than the in vivo human-
ized mouse model that is limited in the proportion of 

myeloid cells. In non- tumor bearing humanized NSG 
mice, the combination of pharmacokinetic/pharmaco-
dynamic (PK/PD) properties of small molecules kinase 
inhibitors and CD19- TCB favorably reduced cytokine 
release on the first infusion, with comparable effects as 
glucocorticoids. In lymphoma PDX- bearing humanized 
NSG mice, transient treatment with Src, mTOR and JAK 
inhibitors on the first infusion inhibited cytokine release 
while minimally impairing CD19- TCB antitumor efficacy, 
comparably to dexamethasone.37 38 Glucocorticoids and 
anti- IL- 6R antibodies are the standard of care for the 
management of CRS, with only a small percentage of 
patients being refractory and requiring alternative treat-
ments. Nevertheless, CRS remains the main dose limiting 
toxicity for T- cell engaging therapies, and the require-
ment for prompt intervention to manage higher grade 
CRS prevents these therapies from achieving broader 
uptake. Therefore combination strategies to reduce the 
occurrence of CRS and increase or sustain treatment effi-
cacy, as described by Bacac et al with the use of obinu-
tuzumab pretreatment and CD20- TCB, remain to be 
investigated for other indications.6 Altogether, our data 
emphasizes that prophylactic treatment with kinase inhib-
itors would not impair the long- term antitumor efficacy 
of TCBs and may even prevent rapid T cell exhaustion 
after prolonged exposure to TCB, similar to the findings 
recently reported for dasatinib in the context of CAR- T 
cell therapy.39

Since the complex biology of CRS involves many more 
cytokines than the described TNF-α, IL- 6, IFN-γ and IL- 1β, 
JAK inhibitors blocking inflammatory pathways, such as 

Table 1 In vitro effective doses of ruxolitinib, sirolimus, everolimus, temsirolimus and dasatinib as well as their respective 
clinical dose(s) and corresponding exposure(s)

Kinase 
inhibitor Target

In vitro 
effective 
dose (nM)

In vitro 
effective dose 
(ng/mL) Clinical dose Clinical exposure References

Ruxolitinib JAK1/2 50–100 15.3–30.6 5 mg/day (oral) Cmax=195 (35.4) ng/mL*
t1/2=2.6 (40) hours*

NDA 202109250

10 mg/day (oral) Cmax=368 (29.9) ng/mL*
t1/2=3.4 (41) hours*

25 mg/day (oral) Cmax=934 (55.9) ng/mL*
t1/2=3.0 (22) hours*

Sirolimus mTOR 10–100 9.1–91.4 2 mg/day (oral) Cmax=12.2 +/− 6.2 ng/mL
tmax=3.01+/− 2.4 hours

NDA 21–083/S- 
034 NDA 21–
110/S- 0455 mg/day (oral) Cmax=37.4 +/− 21 ng/mL

tmax=1.84 +/− 1.3 hours

Everolimus mTOR 10–100 9.6–95.8 5 mg/day (oral) Cmax=28.7 ng/ mL*
t1/2=31.2 (4.79) hours†

NDA 21–56047

Temsirolimus mTOR 10–100 10.3–103.0 25 mg/week
(intravenously)

Cmax=585 (83) ng/mL†
t1/2=17.3 (5.9) hours†

NDA 22–08851

Dasatinib Src/lck 50–100 24.4–48.8 100 mg/day (oral) Cmax=54.6 ng/mL* (56)
tmax=1.00, (0.5, 4.00) hours‡

NDA 21–986
NDA 22–07252

*Geometric mean (per cent coefficient of variation (%)).
†Mean (SD).
‡Median (min, max).
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the JAK/STAT pathway, may have superior efficacy than 
selective antagonistic antibodies specifically blocking 
IL- 6/IL- 6R, TNF-α, GM- CSF or IL- 1β.21–23 34 40 41 In line 
with preclinical findings from Kenderian et al showing 
that ruxolitinib prevented CD123- CAR- T cell induced 
cytokine release in vivo and with findings from Huarte 
et al demonstrating that ruxolitinib prevented the cyto-
kine storm in models of hyperinflammation, our data 
confirm that JAK inhibitors prevented TCB induced- 
cytokine release, however, less efficiently than mTOR or 
Src inhibitors.41 42 Indeed, they retained the release of 
IL- 2, GM- CSF and only partially suppressed the release of 
TNF-α, suggesting that a combination with an anti- TNF-α 
antibody may be advantageous for the management of 
TCB- induced cytokine release. This approach was used to 
manage grade 3 CRS in two patients treated with CAR- T 
cell against CD7+ T lymphocytes.43 In line with this, Uy et 
al reported that prophylactic treatment with ruxolitinib 
decreased cytokine secretion, but did not lead to discern-
able improvement in clinical severity of CRS in patients 
receiving flotetuzumab, emphasizing that ruxolitinib 
alone may not be sufficient to suppress CRS.44 Itacitinib, 
a more selective JAK1 inhibitor, is being explored for the 
prevention of CD19- CAR- T cell induced CRS in patients 
with hematological malignancies.35 45

Dasatinib appears less attractive than JAK, mTOR 
inhibitors or dexamethasone for the mitigation of TCB- 
mediated cytokine release since it fully suppresses T cell 
cytotoxicity in vitro. The intervention with dasatinib was 
initially developed as a potential safety trigger switching 
off T- cell cytotoxicity in case of severe CRS or on- target off- 
tumor activity mediated by CAR- T cells or T cell engagers 
where a rapid T cell switch- off would be not be achieved 
with glucocorticoids29–33 . Yet, the in vivo inhibitory effects 
of dasatinib differed from those observed in vitro. In vivo, 
it was difficult to achieve a continuous exposure required 
to stop CD19- TCB- induced T cell activation, due to the 
short PK/PD profile of dasatinib. Moreover, the inhibi-
tory properties of dasatinib being reversible, CD19- TCB 
could again activate T cells when dasatinib exposure 
became insufficient. Uninterrupted administrations of 
dasatinib before and after treatment with CD19- TCB were 
shown to switch- off cytokine release and B- cell depletion 
for up to 48 hours. Nevertheless, short treatment interven-
tions with dasatinib on first and subsequent CD19- TCB 
administrations in mice engrafted with a lymphoma PDX 
minimally interfered with antitumor efficacy, while fully 
switching- off cytokine release more profoundly than JAK, 
mTOR inhibitors or glucocorticoids. Thus, dasatinib may 
be used transiently as prophylaxis medication to prevent 
CRS on first infusion with TCB. Additionally, Foà et al 
showed that the use of dasatinib as induction therapy in 
patients with Philadelphia chromosome positive leukemia 
followed by a consolidation therapy with concomitant 
treatment of blinatumomab and dasatinib was safe and 
efficacious.46 Dasatinib could prevent exhausted the T 
cell phenotype induced by CD19- TCB treatment, which 

may result in extending the functionality of T cells. Along 
those lines, recent findings from Weber et al demon-
strated that reversible ON/OFF switches with dasatinib 
prevent CAR- T cell exhaustion and improve their long- 
term functionality.39 Last, Leclercq et al have shown that 
dasatinib more strongly reduced CD4+ T cell than CD8+ T 
cell proliferation when added on pre- stimulated T cells, 
suggesting that dasatinib may retain CD8+ T cell effector 
functions when used transiently in vivo.33

For the first time, we described the use of mTOR inhib-
itors sirolimus, temsirolimus and everolimus to block 
TCB- induced cytokine release. Based on the in vitro 
comparison, mTOR inhibitors appear to be the most 
potent inhibitors to strongly reduce cytokine release while 
not interfering with T cell killing. In vivo, the effect of siro-
limus favorably prevented CD19- TCB- mediated cytokine 
release while retaining efficacy with comparable effect 
to JAK, Src inhibitors and dexamethasone. Altogether, 
this suggests that mTOR inhibitors may be the preferred 
candidates for prophylaxis of CRS. Since mTOR inhibi-
tors are used as antitumor agents in various solid cancers, 
a combination with a TCB to prevent CRS while main-
taining efficacy may be of particular interest in such indi-
cations.47 48 In line with this, for a patient with melanoma 
who underwent kidney allograft rejection while receiving 
pembrolizumab, Esfahani et al showed that sirolimus did 
not interfere with pembrolizumab- mediated antitumor 
activity while preventing organ rejection.49 Additionally, 
mTOR reduced the expression of exhaustion markers 
on T cells induced by CD19- TCB, which may result in 
extending their functionality. This further supports the 
mTOR pathways as a target to mitigate inflammation- 
driven adverse events related to treatment with immuno-
therapies while retaining their efficacy. Taken together, 
these preclinical data support the further investigation of 
mTOR, Src and JAK inhibitors for the prophylaxis of T 
cell induced cytokine release after treatment with TCBs 
as well as their on- treatment effects on the functionality 
of T cells.
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