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of CD19 expression at both 225 M and 1770 pM CLN-
978 (figure 3B–D). In spite of this exquisite sensitivity to 
low levels of CD19, CLN-978 was also highly specific for 
CD19 expression, with no activity observed in the wild-
type control cells lacking CD19 expression.

Similar assays were performed in this inducible system 
to compare the minimal CD19 expression level required 
for CLN-978 or blinatumomab to induce cytotoxicity 
and T-cell activation, as measured by IFN-γ production. 
As shown in figure  3E–F, CLN-978 demonstrated more 
robust efficacy at lower CD19 expression levels when 
compared with blinatumomab.

The findings with inducible human CD19-expressing 
CHO cells were corroborated with mouse A20 lymphoma 
cell lines stably transfected with human CD19. Three 
A20 clones were generated that expressed on their cell 
surface 17,000, 3,700 or 325 copies of human CD19. In 
co-culture TDCC assays, complete redirected lysis was 
observed with all three A20 cell clones in the presence 
of HSA (figure 4A). No lysis of non-transfected A20 cells 
was observed, in accordance with the absence of cross-
reactivity of CLN-978 with mouse CD19. While EC50 values 
for TDCC were similar for the clones expressing >3000 
copies of CD19 (in the range of 14–27 pM), the lowest 
expressing A20 clone with 325 copies of CD19 required 

683 pM of CLN-978 for half-maximal lysis. However, no 
differences in maximum lysis were observed among the 
cell lines. These results are consistent with the inducible 
CHO study described above, where lysis was dependent 
on CD19 expression density at low, but not high, yet clin-
ically achievable, concentrations of CLN-978. All three 
hCD19 expressing A20 clones activated CD8+ and CD4+ 
T cells, as measured by expression of CD25 and CD69, 
and induced the release of TNF-α and IFN-γ in a CD19-
dependent and dose-dependent fashion (figure 4B–C).

In vivo evaluation of CLN-978 activity
The in vivo activity of CLN-978-HIS was compared head-to-
head with blinatumomab in two different mouse models 
(figure  5A and B). One was a human CD19-expressing 
A20 lymphoma model implanted in the flank of BALB/c 
mice expressing a human CD3ε transgene; the other was 
a disseminated Raji B.luc luciferase NCG mouse model 
using implanted human PBMC as effector cells. In both 
models, CLN-978 outperformed blinatumomab. In thera-
peutic studies with established A20 flank tumors, a single 
intravenous dose of 0.1 mg/kg CLN-978 completely 
prevented tumor outgrowth, whereby an equivalent dose 
of blinatumomab was ineffective. In the disseminated 
Raji B.luc model, weekly intravenous dosing of 0.1 mg/

Figure 3  CLN-978 is active against low CD19-expressing inducible cell lines. Chemically-induced CD19-expressing CHO cells 
co-cultured with isolated T cells at an E:T ratio of 10:1, in the presence or absence of the indicated concentrations of CLN-978 
for 68 hours (n=4). Shown are: (A) lysis curves, as flow cytometrically assessed by 7-AAD uptake in CD19-expressing CHO 
cells. (B) CD25 and (C) Ki67 expression profiles as marker for activation of CD8+ T cells. (D) Supernatants from co-cultures of 
CD19-expressing CHO cells and PBMC in the presence of CLN-978 (4A-C) were analyzed for IFN-γ. (E) Cytotoxicity or IFN-γ 
production at 225 pM concentration of CLN-978 or blinatumomab at 72 hours (n=10). (F) ROC analysis determined minimal 
receptor number required for biological effect; Wilcoxon signed-rank test. CHO, Chinese hamster ovary; E, effector cells; IFN, 
interferon; MFI, mean fluorescence intensity; PBMC, peripheral blood mononuclear cell; ROC, receiver operating characteristic 
curve; T, target cells; WT, wild type.
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kg prevented an increase in the luciferase signal, while 
blinatumomab could not prevent leukemic spread. This 
is potentially reflective of the extended PK of CLN-978 via 
albumin binding (online supplemental figure S2).

Comparison of antitumor activity of intravenous or SC 
administered CLN-978
Several TCEs have recently been evaluated for SC admin-
istration to minimize systemic toxicity and improve 
patient convenience.27 28 Because the formulation of 
CLN-978 allows for both intravenous and SC administra-
tion of CLN-978, we investigated antitumor efficacy by 
both routes of administration in immunodeficient NCG 
mice engrafted with Raji B.luc cells and human PBMC. 
Mice were treated with PBS as vehicle control or CLN-978 
dosed at 0.3, 3 or 30 µg/kg administered either intrave-
nously or SC. Tumor load was measured by the biolumi-
nescent flux of mice from the luciferase transgene of Raji 
B.luc cells. In addition, at day 14, the number of Raji 
lymphoma cells and human B cells in peripheral blood 
was determined by flow cytometry.

Once weekly intravenous or SC dosing of CLN-978 at 
3 and 30 µg/kg resulted in 10/10 complete responses 
after 28 days, as was evident from luciferase fluorescence 
signals equivalent to background (figure  5C, online 
supplemental figure S3). Treatment with 0.3 µg/kg had 
a minimal effect with SC administration and a modest 
effect with intravenous administration. The percentage 
of human B cells and Raji B.luc cells in the peripheral 

blood of mice on day 12 was determined by flow cytom-
etry analysis. A highly significant and complete elimina-
tion of human B cells and lymphoma cells was observed 
in peripheral blood samples from mice in all CLN-978 
treatment groups regardless of dose level or route of 
administration (online supplemental figure S4). These 
data suggest both intravenous and SC administration of 
CLN-978 are highly effective in the Raji lymphoma xeno-
graft model.

Comparison of pharmacokinetics, pharmacodynamics and 
tolerability of intravenous-administered or SC-administered 
CLN-978 in non-human primates
We hypothesized that SC administration may reduce 
systemic toxicities commonly associated with intravenous-
delivered TCEs due to a reduction in maximal concentra-
tion in serum (Cmax),25 and therefore directly compared 
CLN-978 at single doses of 0.1 and 1 mg/kg by intra-
venous or SC administration in cynomolgus monkeys 
(n=2). Serum CLN-978 dose levels increased in a dose-
dependent manner for both routes of administration 
(figure  6A). Serum half-lives ranged from 5 to 7 days, 
suggesting that half-life extension will support infrequent 
dosing. Exposure and half-life were similar for both 
routes of administration. As expected, Cmax values were 
at least five times lower by the SC route than seen for the 
intravenous route.

Figure 4  CLN-978 is active against low-CD19 expressing engineered cell lines. CD19-expressing A20 cells co-cultured with 
purified T cells at an E:T ratio of 10:1, in the presence of the indicated concentrations of CLN-978 and human albumin for 
48 hours (n=2). Shown are (A) lysis curves, as flow cytometrically assessed by 7-AAD uptake. (B) CD25 and CD69 expression 
profiles as marker for activation of CD4+and CD8+ T cells. (C) Supernatants from co-cultures of RAMOS cells and PBMC in 
the presence of CLN-978 (4A) were analyzed for the indicated cytokines by Luminex. E, effector cells; PBMC, peripheral blood 
mononuclear cell; T, target cells; TNF, tumor necrosis factor; WT, wild type.

 on A
ugust 18, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2023-007398 on 16 A

ugust 2023. D
ow

nloaded from
 

https://dx.doi.org/10.1136/jitc-2023-007398
https://dx.doi.org/10.1136/jitc-2023-007398
https://dx.doi.org/10.1136/jitc-2023-007398
https://dx.doi.org/10.1136/jitc-2023-007398
http://jitc.bmj.com/


8 Meetze K, et al. J Immunother Cancer 2023;11:e007398. doi:10.1136/jitc-2023-007398

Open access�

A single dose of CLN-978 reduced the number of circu-
lating B cells to background levels for the entire duration 
of the 28-day experiment with no apparent recovery of 
B-cell counts (figure  6B). T cells also transiently disap-
peared from the periphery 2 days post-dose but quickly 
recovered to predose levels by day 8 post infusion, consis-
tent with the observations of other TCEs (figure 6C).29

As expected, administration of CLN-978 induced the 
transient release of various cytokines and chemokines 
into peripheral blood (figure 6D). Following intravenous 
infusion of CLN-978, blood levels of TNF-α, interleukin 
(IL)-2, IFN-γ, and IL-8 were highest at 2 hours post infu-
sion and trended towards baseline by 6 hours, while levels 
of IL-6 and IL-10 peaked at 6 hours. Notably, the release 
of the majority of the cytokines was lower after SC delivery 
compared with intravenous infusion, and the kinetics of 
cytokine release were altered as well. Twenty-four hours 
post infusion, all cytokine levels were back to baseline 
irrespective of the route of delivery.

While CLN-978 was well tolerated by cynomolgus 
monkeys at the 0.1 mg/kg dose level by both intravenous 
and SC routes, the 1 mg/kg dose level was tolerated only 
after SC administration. In contrast, intravenous admin-
istration of 1 mg/kg CLN-978 caused one of two cyno-
molgus monkeys to experience symptoms of cytokine 
release, which required euthanasia on Day 1 of study. A 
dose of 1 mg/kg administered SC exposed the animals to 
serum concentrations of ~1–5 µg/mL (~15–75 nM) CLN-
978 over a time period of 300 hours (12.5 days). This was 

>10-fold greater than the concentrations of CLN-978 
needed for complete target cell lysis in vitro, even for low 
CD19 expressing cells.

DISCUSSION
In this study, we describe a novel CD19/CD3/HSA-specific 
T cell-engaging antibody construct for the treatment of 
diverse B-cell malignancies expressing the B-cell lineage 
marker CD19. Target expression levels on cancer cells 
typically show a Gaussian distribution. Depending on the 
potency of a cytotoxic TCE, it is likely that very low target-
expressing cells cannot be effectively eliminated, and in 
this way get enriched by Darwinian selection for repopu-
lation with target-dim cancer cells that can no longer be 
detected by IHC. Next-generation TCEs should therefore 
aim at binding a target antigen with as high affinity as 
possible to increase the number of bound TCE molecules 
on the surface of cancer cells as is critically required for 
formation of functional cytolytic synapses. With efficient 
cytotoxic T cell synapse formation on target-dim cancer 
cells, overall target cell elimination can become deeper, 
which may translate into better response rates and longer 
duration of responses.

In view of the profound clinical activity of blinatum-
omab, we opted for a tandem scFv format where anti-
CD19 and anti-CD3 scFvs are similarly arranged as in 
blinatumomab, but selected scFvs derived from novel, 
optimized and humanized antibody fragments. A small 

Figure 5  In vivo efficacy of CLN-978. (A) hCD3ε-expressing BALB/c mice were inoculated with A20 cells expressing 
hCD19. Mice were treated once intravenously when tumor volume reached ~100 mm3. (B) Immunodeficient NCG mice 
were intravenously engrafted with 2×105 Raji cells, then implanted IP with 2×107 PBMCs the following day. Mice were 
treated intravenously weekly starting on day 1. Statistics were calculated versus vehicle or PBS using ANOVA with multiple 
comparisons test on d10 in A and d15 in B. (C) Immunodeficient NCG mice were intravenously engrafted with 2×105 Raji cells. 
On the following day (Day 1), 2×107 PBMCs from a healthy donor were implanted IP. CLN-978 was dosed either intravenously 
or SC weekly starting on Day 1. All treatment conditions with CLN-978 imparted statistically significant responses relative to 
controls by ANOVA at d14 (p<0.0001). ANOVA, analysis of variance; IP, intraperitoneal; IV, intravenous; PBMC, peripheral blood 
mononuclear cell; PBS, phosphate-buffered saline; SC, subcutaneous.
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single-domain anti-HSA antibody of 12 kDa recombi-
nantly fused to the N-terminus was incorporated for 
serum half-life extension to avoid the requirement for 
continuous intravenous infusion.

In co-culture experiments of T cells with target cells, 
CLN-978 demonstrated TDCC and T-cell activation at 
single-digit picomolar concentrations. EC50 values for 
cytokine release were approximately 10-fold higher, in 
the double-digit picomolar range, which may positively 
contribute to the therapeutic window of CLN-978. Our 
data demonstrate that CLN-978 efficiently binds and 
eliminates low CD19 expressing lymphomas, with exqui-
site sensitivity to CD19 levels significantly lower than the 
threshold required for blinatumomab. At concentrations 
of CLN-978 that were safely tolerated by cynomolgus 
monkeys, CLN-978 could effectively mediate the lysis of 
lymphoma cells expressing <300 CD19 molecules per cell, 
levels that are typically below the limit of detection by IHC. 
These data suggest that CLN-978 may have the poten-
tial to deepen overall response rates and improve the 

sustained duration of response, and may be effective post-
CD19 CAR-T therapy. The high potency of redirected lysis 
by CLN-978 is supported by results from multiple mouse 
models and cynomolgus monkey studies. A dose of 3 µg/
kg of CLN-978 given by either intravenously or SC admin-
istration was sufficient to effectively prevent leukemia in 
the mouse models. In monkeys, a single intravenous or 
SC dose of 0.1 mg/kg led to depletion of normal B cells 
for the entire observation period of 28 days.

The inclusion of the HSA binding domain effectively 
improved pharmacokinetic properties and preserved 
CLN-978 functional activity. Our non-human primate 
PK studies showed a prolonged serum half-life and expo-
sure to CLN-978 after intravenous or SC administration. 
The therapeutic benefit of half-life extension also likely 
accounts for the superior efficacy observed in preclinical 
tumor models comparing CLN-978 with blinatumomab. 
In vitro data suggests that albumin had only a small inhib-
itory impact on the various biological activities of CLN-
978 in terms of EC50, with no impact on maximal activity. 

Figure 6  Pharmacokinetics, B-cell depletion, T-cell redistribution and cytokine release in cynomolgus monkeys in 
response to a single intravenous-administered or SC-administered CLN-978 dose. Female monkeys (n=2) were dosed at 
0.1 or 1 mg/kg either intravenous (blue bars) or SC (red bars). Blood samples were collected at predetermined time points. 
(A) Pharmacokinetics after a single intravenous or SC administration, (B) absolute B cells, (C) absolute T cells, (D) cytokines as 
measured by Luminex. IFN, interferon; IL, interleukin; IV, intravenous; SC, subcutaneous; TNF, tumor necrosis factor.
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This phenomenon may be driven by the binding charac-
teristics of CLN-978, where the slow off-rates of CLN-978 
to CD19 were unaffected by the presence of albumin. 
The pronounced activity of CLN-978 in the presence of 
albumin is also confirmed by efficacy in murine models 
and complete B-cell depletion in cynomolgus monkeys, 
where CLN-978 is expected to be fully bound to serum 
albumin.

Our preclinical data also helped inform the preferred 
route of administration of CLN-978 in the clinic. 
Collectively, our data demonstrate that similar phar-
macodynamics and efficacy was achieved with both 
intravenous-administered and SC-administered CLN-
978 in mouse models and cynomolgus monkey studies. 
However, SC administration resulted in better tolerability 
in monkeys with reduced cytokine release, likely due 
to the lowered Cmax achieved with SC administration. 
These data demonstrate SC delivery of CLN-978 further 
widens the therapeutic index compared with intravenous 
delivery.

It is challenging to compare the in vivo activity of CLN-
978 with that of blinatumomab given the limited cross 
reactivity and very short serum half-life of the latter. When 
compared side-by-side, the in vitro and in vivo potency 
of CLN-978 surpassed that of blinatumomab. Both the 
higher affinity binding of CLN-978 to both CD19 and to 
CD3 and its extended serum half-life may have contrib-
uted to its superior antitumor activity in mouse models. 
A major distinction from blinatumomab will also be that 
CLN-978 is being developed for the treatment of patients 
with NHL where blinatumomab would require a four 
times higher dose than is registered for patients with 
ALL. Given the promising potency data observed thus far, 
CLN-978 may have the potential to generate CAR-T like 
response rates as an off-the-shelf therapy.

One other CD19/CD3-bispecific TCE in clinical devel-
opment is TNB-486.30 It is based on an IgG4 backbone 
using an sdAb arm for binding CD19 and an Fab arm for 
very low affinity binding of CD3. The KD value for CD19 
was reported to be 1.8 nM. Preclinical data showed that 
lowering the affinity to CD3 greatly reduced both potency 
and the release of IL-2 compared with a positive control. 
EC50 values for TDCC, T-cell activation and IL-2 release 
by T cells were on the order of 0.1–1 nM, that is, 2 logs 
higher than for CLN-978. In NALM6 and SUDHL-10 
flank tumor models, doses of 10 mg/kg were required for 
significant tumor control. In contrast to the CD3 affinity 
detuning strategy used by TNB-486, our cynomolgus 
monkey data suggests that cytokine release syndrome 
(CRS) may be appropriately managed by SC administra-
tion of CLN-978. In conclusion, CLN-978 is expected to 
have robust antitumor activity in the clinic in patients 
with B-cell malignancies.
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