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Abstract
Glioblastoma remains a challenging disease to approach with immunotherapy due to pronounced antigen heterogeneity, 
immunosuppressive tumor microenvironment, and barriers to effective molecule delivery within the central nervous system. 
T-cell engagers provide an off-the-shelf approach to redirect endogenous T cells toward tumor cells. However, bispecific 
formats are constrained by intra- and interpatient antigen heterogeneity, which can limit therapeutic efficacy. In this review, 
we examine trispecific T-cell engagers (TriTEs) as an emerging strategy to address this limitation by simultaneously targeting 
multiple tumor-associated antigens. We discuss principles guiding antigen selection in glioblastoma, summarize available 
preclinical evidence supporting multispecific engagement, and outline key design considerations, including molecular archi-
tecture, stability, half-life extension, and safety optimization. We further review delivery strategies, such as gene-encoded 
expression, cellular carriers, and blood–brain barrier modulation, that may improve tumor access and the durability of 
TriTEs. Together, these considerations position TriTEs as a modular immunotherapy platform relevant to glioblastoma and 
other heterogeneous solid tumors.

Introduction

Glioblastoma

Glioblastoma (GBM) is the most aggressive primary brain 
tumor in adults, with an annual incidence of 3.6 per 100,000 
people [33, 98]. The standard of care consists of maximal 
surgical resection followed by concurrent fractionated 
radiotherapy and oral temozolomide (TMZ) chemotherapy 
[120], and then maintenance TMZ with optional tumor-
treating fields adjuvant therapy to improve overall survival 
[17]. Despite first-line treatment, GBM has a near-universal 
recurrence rate, a median survival of 15–17 months, which 

extends to 20.9 months with tumor-treating fields, and a 
5-year survival rate of approximately 3% [100, 119, 121]. 
Without an established standard of care for recurrent dis-
ease, management options are limited to repeat surgical 
resection, re-irradiation, off-label systemic therapies, and 
enrollment in clinical trials [71, 120].

The development of immunotherapy has markedly 
advanced the treatment of many malignancies, including 
melanoma and various hematologic cancers [64, 73, 117]. 
Approaches such as oncolytic viruses, immune checkpoint 
inhibitors, CAR T cells, and antibody-based therapies have 
each demonstrated clinical benefit in select settings [64, 73, 
117]. In contrast, GBM has shown limited responsiveness 
to these modalities in part due to specific features such as 
marked tumor heterogeneity, restricted CNS delivery, and 
a profoundly immunosuppressive tumor microenvironment 
(TME) that hinders immunotherapy efficacy [18, 126].

The development of effective immunotherapies for GBM 
is complicated by extensive cellular, genetic, and phenotypic 
heterogeneity that exists both between patients and spatially 
within individual tumors and continues to evolve over time 
[12]. Spatially, potentially targetable antigens exhibit vari-
able expression across tumor regions. For example, in cellu-
lar tumor regions, clusters of cells expressing IL13Rα2 and 
HER2 coexist with other clusters expressing EGFR, whereas 
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in areas of pseudopalisading necrosis, cells expressing these 
commonly targeted antigens are largely restricted to the 
borders surrounding hypoxic cores [12]. Additionally, the 
clustering and intermixing of the various antigen-expressing 
tumor cells, as well as cell type (mesenchymal, proneural, 
and classical), can vary within an individual's tumor and 
between patients [37, 139]. Temporally, therapeutic pressure 
promotes the emergence of resistant subclones and antigen 
loss variants [79, 99], contributing to rapid disease progres-
sion. Together, these dynamics limit the effectiveness of 
single-antigen immunotherapies and highlight the potential 
utility of multi-targeted therapeutic approaches for GBM.

Delivery of anti-cancer therapies in GBM also remains 
challenging due to the natural barriers keeping the central 
nervous system (CNS) protected from the rest of the body. 
Additionally, the highly immunosuppressive, myeloid-dom-
inated GBM microenvironment further constrains immune 
activity, impairs antigen presentation, and promotes upregu-
lation of checkpoint pathways associated with T-cell dys-
function [42, 54,  108, 113, 132]. Together, these features 
create an immunologically cold and difficult-to-access TME. 
Researchers are now developing therapies to equip these 
inactive immune cells to recognize and kill tumor cells, 
including engineered antibodies that engage T cells. There 
have also been promising recent advancements in methods 
to increase the accessibility of therapies to the CNS. In 
this review, we examine the biological rationale, preclini-
cal evidence, delivery strategies, and safety considerations 
supporting the development of T-cell engagers as effective 
therapeutic agents for GBM.

T‑cell engagers

T-cell engagers are immunotherapeutic agents designed to 
redirect and activate T cells to target and kill tumor cells. 
These "off-the-shelf" antibody-based therapies can be 
manufactured, stored, and distributed much more readily 
than other cell-based immunotherapeutics, such as CAR T 
cells, which require autologous, patient-specific engineering 
that is labor and time intensive [43, 58]. By design, T-cell 
engagers hold potential to address both tumor antigen het-
erogeneity and the immunosuppressive nature of the TME. 
This occurs by directly activating a T-cell through binding 
to a surface receptor, most commonly CD3, thereby turning 
“on” the inactive T-cell and linking it to one or more tumor-
associated antigens (TAAs) on cancer cells. This physical 
bridge between the T cell and tumor cell enables efficient T 
cell-mediated killing of tumor cells by granzyme and per-
forin release, as well as the activation of other immune cells 
through cytokine release [85, 128, 138]. In doing so, T-cell 
engagers can bypass antigen presentation to induce MHC 
class-independent cytotoxicity, enabling immunosuppressed 

T cells in the TME to be reactivated and to target cancer 
cells, as well as aiding in the recruitment and activation of 
T cells from the periphery into the TME to help kill tumor 
cells [22].

T-cell engagers can be designed to target two or even 
three antigens, termed bispecific T-cell engagers (“BTEs”) 
or trispecific T-cell engagers (“TriTEs”), respectively. While 
BTEs against single antigens such as IL13Rα2, EGFRvIII, 
HER2, and B7-H3 have demonstrated preclinical efficacy 
in GBM models, their potential for limited durability due 
to antigen loss restricts their clinical applicability [18, 
118]. TriTEs address these limitations by simultaneously 
engaging two TAAs within a single construct (Fig. 1). By 
targeting multiple antigens, TriTEs hold the potential to 
distribute selective pressure across diverse tumor cell popu-
lations, thereby reducing the emergence of antigen-negative 
subclones and the risk of disease recurrence. Furthermore, 
the integration of co-stimulatory or checkpoint-blocking 
domains extends in vivo therapeutic persistence, improves 
tumor regression, and further mitigates antigen-negative 
escape [22, 36, 110].

Designing TriTEs to target GBM

Selecting antigen targets

Effective TriTE design for GBM requires careful antigen 
selection that balances tumor specificity, biological rel-
evance, and antibody-based accessibility. Ideal antigens are 
highly expressed on tumor cells, minimally present in nor-
mal brain tissue, and functionally linked to tumor growth, 
survival, or immune evasion. Among the most extensively 
validated GBM-associated or specific antigens are IL13Rα2, 
EGFRvIII, EGFR, HER2, and B7-H3. IL13Rα2 is expressed 
on approximately 60–75% of GBMs and is largely absent 
from normal brain tissue. Activation of the IL13 receptor 
activates signaling mediators such as (Src, Akt, Erk, Fak) 
to promote invasion, proliferation, and survival [13, 14,  19, 
143]. EGFRvIII, a constitutively active deletion mutant of 
wild-type EGFR, is present in ~ 30% of GBMs and drives 
oncogenic signaling that enhances proliferation, metabolic 
adaptability, and treatment resistance in cancer cells, while 
remaining undetected in healthy cells [5, 122]. Wild-type 
EGFR is also frequently overexpressed in ~ 40–60% of 
GBMs and promotes tumor cell proliferation, invasion, and 
resistance to chemotherapy and radiotherapy [127]. HER2 is 
overexpressed in up to 80% of GBMs and promotes ligand-
independent proliferative signaling, although expression is 
often heterogeneous and relatively low in secondary GBM 
tumors [4, 84,  93, 144, 152]. Finally, B7-H3 is upregulated 
in 70–80% of tumors and contributes to immune evasion 
and invasive behavior through JAK2/STAT3-dependent 



Acta Neuropathologica (2026) 152:15 	 Page 3 of 26     15 

pathways [35]. Together, these antigens represent high-con-
fidence targets for immune redirection strategies in GBM.

BTEs targeting these canonical antigens have provided 
important proof of principle for antigen-restricted immune 
redirection in GBM. IL13Rα2-directed BTEs have demon-
strated robust T-cell activation, effective tumor localization, 
and a survival benefit in orthotopic patient-derived xenograft 
models, whether delivered locally, systemically, or via gene-
encoded platforms [18, 40, 106]. EGFRvIII-directed BTEs 
similarly induced tumor regression and intratumoral T-cell 
infiltration in preclinical models, motivating clinical evalu-
ation of AMG 596 (etevritamab; NCT03296696) with early 
reports suggesting acceptable tolerability [6, 70]. However, 
these studies did reveal a central limitation of single-antigen 
targeting in GBM: antigen-negative escape driven by intra-
tumoral heterogeneity. In a DNA-encoded bispecific tandem 
engager model, monotherapy targeting HER2 led to tumor 
recurrence in ~ 90% of cases due to outgrowth of HER2-
negative subclones. In contrast, dual targeting of HER2 and 
EGFRvIII achieved durable tumor clearance in ~ 80% of 

animals [104]. These findings provide a strong rationale for 
multispecific designs.

Researchers have therefore expanded beyond canonical 
GBM antigens to evaluate additional targets supported by 
glioma biology and engager studies in other malignancies. 
EpCAM expression correlates with glioma WHO grade, 
proliferation, and prognosis, suggesting a role in aggres-
sive GBM subsets [27, 74, 78,  111, 128, 146]. CD38 is 
expressed on a minority (~ 7–9%) of GBM cell lines and may 
also mark immunosuppressive stromal or myeloid compart-
ments within the tumor microenvironment [86, 97, 140]. 
Members of the mucin family (including MUC1, MUC12, 
and MUC16) have been implicated in glioma progression 
and therapeutic resistance through the PI3K/AKT/STAT3 
and EGFR/MAPK/ERK signaling pathways [32, 46, 105]. 
Prolactin receptor (PRLR) signaling promotes glioma cell 
proliferation, migration, and chemoresistance [8, 149]. 
Another emerging GBM-relevant target is the NKG2D 
ligand family, including MICA/B and ULBP-family ligands, 
which are broadly, though variably, detected on GBM cells 

Fig. 1   Design of trispecific antibodies (TriTEs). TriTEs are con-
structed using a modular approach, combining building blocks such 
as scFv, Fab, or single-domain antibodies to target three distinct anti-
gens. The construct also contains a linker, which determines TriTE's 
flexibility and stability. The ability of TriTEs to target multiple tumor 
antigens or pathways can help address the complexity of the GBM 

tumor microenvironment. CD3 cluster of differentiation 3, EGFRvIII 
epidermal growth factor receptor variant III, Fab fragment antigen 
binding, IL13Rα2 interleukin-13 receptor subunit alpha 2, scFv sin-
gle-chain variable fragment, TCR​ T-cell receptor, TriTE trispecific 
T-cell engager. Created with BioRender.com
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and patient-derived glioma stem-like cultures. Because 
NKG2DL expression is heterogeneous and stress-induci-
ble, NKG2D-directed engagers may be particularly useful 
in combination with TMZ, radiation, or other stress-inducing 
therapies to broaden targeting of therapy-exposed GBM sub-
populations [10, 16, 53]. At the same time, prostate-specific 
membrane antigen (PSMA) is selectively expressed on GBM 
tumor vasculature and contributes to angiogenesis [55, 68, 
82], offering an opportunity to target non-tumor cell com-
partments. Collectively, these observations support the 
inclusion of atypical GBM-associated antigens, validated 
biologically in glioma and therapeutically in other cancers, 
as complementary targeting arms in TriTE design. Table 1 
summarizes target antigens incorporated into T-cell engag-
ers in GBM and other cancers that may inform TriTE design 
for GBM.

Importantly, no single GBM antigen exhibits both univer-
sal prevalence and spatially uniform expression. IL13Rα2 
shows mesenchymal enrichment, EGFR and EGFRvIII are 
typically linked to EGFR-driven classical-like disease, HER2 
is frequently heterogeneous and often low-intensity, and 
B7-H3, although broadly expressed, still varies across tumor 
cell and vascular compartments [5, 12, 19, 35, 93, 127, 130]. 
For the more non-canonical and exploratory antigens, such 
as EpCAM, CD38, PRLR, and PSMA, the therapeutic 
opportunity may lie less in pan-tumor coverage and more 
in targeting aggressive subpopulations or distinct micro-
environmental compartments such as neovasculature. This 
heterogeneity provides a central rationale for multi-targeted 
T-cell engagers, which can pair broadly expressed antigens 
with more tumor-specific or compartment-restricted targets 
to reduce antigen-negative escape (Table 1).

Thus far, only two TriTE constructs have been evalu-
ated directly in GBM models, providing early evidence that 
multi-antigen engagement can overcome the limitations of 
bispecific approaches. Park et al. [103] engineered DT2035, 
a CD3-redirecting DNA-encoded TriTE construct target-
ing both IL13Rα2 and EGFRvIII. Notably, DT2035 acti-
vated CD4⁺ and CD8⁺ T cells from GBM patient-derived 
peripheral blood mononuclear cells. This elicited a strong 
granzyme–perforin pathway-mediated response as well 
as cytokine-mediated cytotoxicity without exacerbating 
cytokine release syndrome. In heterogeneous intracranial 
xenografts, DT2035 achieved complete tumor clearance in 
100% of mice at day 35 within Balb/c nude mice, and in a 
long-term survival study of NSG-K mice, nine out of nine 
mice survived at day 84, and six out of nine mice were still 
surviving at day 122, whereas monospecific controls pro-
duced only partial responses. Of the surviving mice, none 
showed any weight loss or adverse events [103].

Our laboratory generated a TriTE molecule that targets 
IL13Rα2 and EGFR/EGFRvIII, with the distinction that a 
nanobody targeting EGFR/EGFRvIII instead of scFv has 

been incorporated in the design of the TriTE [11, 91]. 
When tested in a mouse model that was implanted with 
PDX lines expressing both antigens (GBM6/GBM39 
orthotopic grafts), TriTE enhanced with an sc(Fc)2 
domain resulted in a 37-day median survival, which was 
significantly higher than its BiTE (IL13Rα2/CD3) tar-
get (29 days) and control (28 days). This was similarly 
observed in GBM6-only-implanted mice, confirming that 
targeting two antigens results in a more robust survival 
benefit [11, 91].

Despite these promising results, several limitations of the 
two current GBM-focused TriTE studies must be addressed 
in future development. DT2035 was evaluated in immuno-
deficient xenograft models that do not fully capture the com-
plexity of the human BBB or the profoundly immunosup-
pressive GBM TME. One way this could be addressed is by 
injecting exhausted or inactive T cells alongside the TriTE 
constructs to see whether the antibody can “recover” the 
function of immunosuppressed immune cells, which would 
better reflect the environment in GBM patients. Additionally, 
antigen loss-mediated escape was not monitored. It would be 
interesting to observe animals for a longer period (i.e., closer 
to the end of their normal lifespan) for any radiographic or 
histologic recurrence, and evidence of antigen escape. This 
would be costly, but could provide helpful clinical data on 
how many doses may be required to achieve tumor eradica-
tion in patients.

Beyond IL13Rα2 and EGFRvIII TriTEs, a broader sur-
vey of TriTEs in other solid tumors reveals design prin-
ciples readily translatable to GBM. In colorectal cancer, 
EGFR×EpCAM×CD3 TriTEs achieved up to 100-fold 
greater potency and durable tumor inhibition compared with 
bispecific controls [128]. Kimura et al. developed TaKE1, 
an EGFR×CD3×CD16 trispecific that recruits both T and 
NK cells, and demonstrated enhanced cytotoxicity at low 
effector-to-target ratios [76]. Together, these studies show 
that TriTEs can be engineered not only to broaden tumor 
antigen coverage but also to directly engage immune cell 
pathways, thereby improving the durability of antitumor 
responses. Most engager formats bind CD3 to provide the 
primary activation signal for T-cell recruitment and cyto-
toxicity, but CD3 signaling alone may be insufficient in 
solid tumors. Accordingly, newer multispecific constructs 
have incorporated conditional CD28 costimulation to pro-
vide the second signal required for full T-cell activation, as 
well as PD-1/PD-L1 blockade to restore T-cell activation in 
exhausted cells [21, 109, 140]. In some cases, checkpoint 
blockade has been paired with conditional 4-1BB agonism 
or IL-6R targeting to integrate immune activation, rever-
sal of exhaustion, and cytokine-risk control within a single 
molecule [22, 110]. Because systemic activation of path-
ways, such as CD28, is associated with severe toxicity, these 
designs typically aim to restrict immune stimulation to the 



Acta Neuropathologica (2026) 152:15 	 Page 5 of 26     15 

Ta
bl

e 
1  

S
um

m
ar

y 
of

 B
TE

 a
nt

ig
en

 ta
rg

et
s, 

gr
ou

pe
d 

by
 th

os
e 

ev
al

ua
te

d 
in

 G
B

M
 m

od
el

s v
er

su
s t

ho
se

 v
al

id
at

ed
 in

 o
th

er
 c

an
ce

rs
 w

ith
 G

B
M

-r
el

ev
an

t a
nt

ig
en

 e
xp

re
ss

io
n,

 a
lo

ng
 w

ith
 e

sti
m

at
ed

 a
nt

i-
ge

n 
pr

ev
al

en
ce

 in
 G

B
M

, k
ey

 e
xp

re
ss

io
n 

pr
ofi

le
 fe

at
ur

es
 a

nd
, w

he
re

 av
ai

la
bl

e,
 a

ss
oc

ia
tio

ns
 w

ith
 m

ol
ec

ul
ar

/c
el

lu
la

r G
B

M
 st

at
es

C
an

ce
r

A
nt

ig
en

M
od

el
Su

m
m

ar
y

Pr
ev

al
en

ce
Ex

pr
es

si
on

 p
ro

fil
e

Re
fe

re
nc

es

G
B

M
IL

13
R

α2
PD

X
 G

B
M

 m
od

el
s a

nd
 

G
B

M
 g

lio
m

a 
lin

es
; 

or
th

ot
op

ic
 a

nd
 su

bc
ut

a-
ne

ou
s m

ou
se

 m
od

el
s

IL
13

R
α2

-B
TE

s, 
de

liv
er

ed
 v

ia
 

N
SC

s, 
D

N
A

-la
un

ch
 v

ec
to

rs
, 

or
 re

co
m

bi
na

nt
 p

ro
te

in
, c

on
-

si
ste

nt
ly

 a
ct

iv
at

ed
 C

D
8⁺

/C
D

4⁺
 

T 
ce

lls
, e

ra
di

ca
te

d 
im

pl
an

te
d 

G
B

M
 tu

m
or

s i
n 

60
–1

00
%

 
of

 m
ic

e,
 a

nd
 e

xt
en

de
d 

m
ed

ia
n 

su
rv

iv
al

 fr
om

 ~
 3

0 
to

 
>

 6
5 

da
ys

 w
ith

 m
in

im
al

 o
ff-

tu
m

or
 c

yt
ok

in
e 

re
le

as
e

~ 
60

–7
5%

 o
f G

B
M

; m
in

im
al

/
ab

se
nt

 in
 n

or
m

al
 b

ra
in

O
fte

n 
hi

gh
 e

xp
re

ss
io

n 
w

he
n 

pr
es

en
t, 

bu
t i

nt
ra

tu
m

or
al

ly
 

he
te

ro
ge

ne
ou

s;
 e

nr
ic

he
d 

in
 

m
es

en
ch

ym
al

 G
B

M
; s

pa
-

tia
lly

 p
at

ch
y 

ac
ro

ss
 tu

m
or

 
re

gi
on

s

[1
2,

 1
8,

 1
9,

 4
0,

 1
03

, 1
06

, 1
38

]

EG
FR

vI
II

G
B

M
 P

D
X

 sp
he

ro
id

s;
 

in
tra

cr
an

ia
l a

nd
 su

bc
u-

ta
ne

ou
s m

ou
se

 m
od

el
s;

 
ea

rly
 c

lin
ic

al
 c

oh
or

t 
(P

ha
se

 I)

EG
FR

vI
II

-B
TE

s p
ot

en
tly

 
re

cr
ui

te
d 

T 
ce

lls
 to

 k
ill

 
EG

FR
vI

II
⁺ G

B
M

 c
el

ls
 

in
 v

itr
o,

 a
ch

ie
ve

d 
co

m
pl

et
e 

re
m

is
si

on
s i

n 
up

 to
 7

5%
 

of
 P

D
X

-b
ea

rin
g 

m
ic

e,
 a

nd
 

sh
ow

ed
 sa

fe
ty

/to
le

ra
bi

lit
y 

in
 a

n 
in

iti
al

 P
ha

se
 I 

re
le

as
e 

be
fo

re
 tr

ia
l t

er
m

in
at

io
n

~ 
20

–3
0%

 o
f G

B
M

 o
ve

ra
ll;

 
us

ua
lly

 a
 su

bs
et

 o
f E

G
FR

-
am

pl
ifi

ed
 tu

m
or

s

Pa
tc

hy
/h

et
er

og
en

eo
us

 in
tra

tu
-

m
or

al
 d

ist
rib

ut
io

n;
 ty

pi
ca

lly
 

as
so

ci
at

ed
 w

ith
 E

G
FR

-
am

pl
ifi

ed
/c

la
ss

ic
al

-ty
pe

 
G

B
M

; p
ro

ne
 to

 a
nt

ig
en

 lo
ss

[5
, 6

, 4
1,

 5
6,

 6
7,

 7
0,

 1
04

, 1
1

8,
 1

30
]

EG
FR

 (w
t)

H
um

an
 G

B
M

 c
el

ls
; i

nt
ra

c-
ra

ni
al

 x
en

og
ra

ft 
m

ou
se

 
m

od
el

s;
 re

cu
rr

en
t G

B
M

 
pa

tie
nt

s

EG
FR

-B
TE

–a
rm

ed
 T

 c
el

ls
 

el
im

in
at

ed
 h

et
er

og
en

eo
us

 
EG

FR
⁺/E

G
FR

vI
II
⁻ G

B
M

 in
 

or
th

ot
op

ic
 m

od
el

s w
ith

ou
t 

off
-tu

m
or

 to
xi

ci
ty

; i
n 

a 
hu

m
an

 
stu

dy
, i

nt
ra

ve
nt

ric
ul

ar
 E

G
FR

-
B

TE
–s

ec
re

tin
g 

CA
R

 T
 c

el
ls

 
in

du
ce

d 
ra

pi
d 

tu
m

or
 re

gr
es

-
si

on
 in

 re
cu

rr
en

t G
B

M
, t

ho
ug

h 
re

sp
on

se
s w

er
e 

tra
ns

ie
nt

~ 
40

–6
0%

 o
ve

re
xp

re
ss

io
n 

in
 

G
B

M
En

ric
he

d 
in

 c
la

ss
ic

al
 su

bt
yp

e;
 

pr
es

en
t i

n 
ce

llu
la

r t
um

or
 

re
gi

on
s a

nd
 a

t b
or

de
rs

 o
f 

ps
eu

do
pa

lis
ad

in
g 

ne
cr

os
is

[1
2,

 2
9,

 3
0,

 1
27

, 1
30

]

H
ER

2
H

et
er

og
en

eo
us

 G
B

M
 

xe
no

gr
af

ts
; s

te
m

-li
ke

 
G

B
M

 c
ul

tu
re

s

H
ER

2-
B

TE
–a

rm
ed

 T
 c

el
ls

 ly
se

d 
H

ER
2⁺

 a
nd

 T
M

Z-
re

si
st

an
t 

G
B

M
 li

ne
s, 

in
cl

ud
in

g 
ste

m
-

lik
e 

po
pu

la
tio

ns
; d

ua
l H

ER
2/

EG
FR

vI
II

 b
is

pe
ci

fic
 ta

nd
em

 
(D

B
TE

) c
on

str
uc

ts
 a

ch
ie

ve
d 

up
 to

 8
0%

 c
om

pl
et

e 
tu

m
or

 
cl

ea
ra

nc
e 

in
 m

ix
ed

-a
nt

ig
en

 
m

od
el

s a
nd

 p
ro

lo
ng

ed
 su

rv
iv

al

D
et

ec
ta

bl
e 

in
 u

p 
to

 
~ 

70
–8

0%
, d

ep
en

di
ng

 o
n 

as
sa

y/
cu

to
ff;

 tr
ue

 h
ig

h-
in

te
ns

ity
 e

xp
re

ss
io

n 
is

 le
ss

 
co

m
m

on

C
om

m
on

 b
ut

 lo
w

/in
te

rm
ed

i-
at

e 
in

te
ns

ity
 a

nd
 h

et
er

o-
ge

ne
ou

s s
ta

in
in

g;
 lo

w
er

 in
 

se
co

nd
ar

y 
G

B
M

; c
lu

ste
re

d 
w

ith
 re

gi
on

al
 v

ar
ia

tio
n 

ac
ro

ss
 tu

m
or

 n
ic

he
s

[1
2,

 9
3,

 1
04

, 1
50

]



	 Acta Neuropathologica (2026) 152:15   15   Page 6 of 26

Ta
bl

e 
1  

(c
on

tin
ue

d)

C
an

ce
r

A
nt

ig
en

M
od

el
Su

m
m

ar
y

Pr
ev

al
en

ce
Ex

pr
es

si
on

 p
ro

fil
e

Re
fe

re
nc

es

B
7-

H
3

H
um

an
 G

B
M

 c
el

ls
 (U

87
, 

U
25

1)
, s

ub
cu

ta
ne

ou
s 

xe
no

gr
af

t m
od

el
, o

rth
o-

to
pi

c 
in

tra
cr

an
ia

l m
od

el

B
7-

H
3-

B
TE

s c
an

 e
ffe

ct
iv

el
y 

ta
rg

et
 G

B
M

, b
ut

 d
ur

ab
le

 
effi

ca
cy

 re
qu

ire
s e

nh
an

ce
d 

de
liv

er
y 

or
 im

m
un

e 
am

pl
ifi

ca
-

tio
n.

 S
ig

ni
fic

an
t t

um
or

 c
on

tro
l 

an
d 

ex
te

nd
ed

 su
rv

iv
al

 w
er

e 
ac

hi
ev

ed
 in

 o
pt

im
iz

ed
 in

tra
c-

ra
ni

al
 m

od
el

s

H
ig

h-
fr

eq
ue

nc
y 

ex
pr

es
si

on
, 

co
m

m
on

ly
 ~

 7
0–

80
%

 o
r 

hi
gh

er
 a

cr
os

s G
B

M
 se

rie
s

B
ro

ad
 m

em
br

an
ou

s/
cy

to
pl

as
-

m
ic

 tu
m

or
 c

el
l e

xp
re

ss
io

n 
w

ith
 a

dd
iti

on
al

 tu
m

or
-

as
so

ci
at

ed
 v

as
cu

la
r e

xp
re

s-
si

on
; r

et
ai

ne
d 

in
 re

cu
rr

en
t 

di
se

as
e;

 h
ig

h 
co

ve
ra

ge
 

an
ch

or
 ta

rg
et

[3
5,

 4
8,

 8
9,

 1
48

]

N
K

G
2D

L
H

um
an

 G
B

M
 c

el
ls

 (U
87

, 
pa

tie
nt

-d
er

iv
ed

 g
lio

m
a 

ste
m

-li
ke

 c
el

ls
)

Sy
ne

rg
ist

ic
 c

yt
ot

ox
ic

ity
 w

as
 

ob
se

rv
ed

 w
ith

 N
K

G
2D

-
di

re
ct

ed
 B

TE
 tr

ea
tm

en
t 

in
 c

om
bi

na
tio

n 
w

ith
 th

e 
st

an
da

rd
-o

f-
ca

re
 tr

ea
tm

en
t, 

TM
Z 

+
 ra

di
at

io
n

B
ro

ad
 b

ut
 v

ar
ia

bl
e;

 n
o 

cl
ea

r 
G

B
M

-w
id

e 
%

 re
po

rte
d;

 
de

te
ct

ed
 in

 G
B

M
 c

el
ls

 a
nd

 
pa

tie
nt

-d
er

iv
ed

 G
SC

-li
ke

 
cu

ltu
re

s

H
et

er
og

en
eo

us
, s

tre
ss

-in
du

c-
ib

le
 M

IC
A

/B
 a

nd
 U

LB
P-

fa
m

ily
 li

ga
nd

s;
 p

re
se

nt
 

on
 G

B
M

 a
nd

 G
SC

-li
ke

 
ce

lls
; i

nd
uc

ib
le

 b
y 

H
D

A
C

i/
th

er
ap

y 
str

es
s

[1
0,

 1
6,

 2
3,

 5
3]

N
on

-G
B

M
Ep

CA
M

M
ul

tip
le

 so
lid

 tu
m

or
s 

(u
te

rin
e,

 o
va

ria
n,

 lu
ng

, 
ga

str
ic

, p
an

cr
ea

tic
, C

RC
, 

H
C

C
, b

re
as

t, 
pr

os
ta

te
, 

bl
ad

de
r)

Ep
CA

M
-ta

rg
et

ed
 B

TE
s/

Tr
iT

Es
 

el
ic

ite
d 

ro
bu

st 
T-

ce
ll 

ac
tiv

a-
tio

n 
an

d 
se

le
ct

iv
e 

ly
si

s a
cr

os
s 

di
ve

rs
e 

ca
rc

in
om

as
, o

ve
rc

am
e 

in
tra

-tu
m

or
 h

et
er

og
en

ei
ty

, 
an

d 
m

ed
ia

te
d 

>
 9

0%
 tu

m
or

 
re

du
ct

io
n 

in
 se

ve
ra

l m
od

el
s, 

su
gg

es
tin

g 
ap

pl
ic

ab
ili

ty
 to

 
Ep

CA
M
⁺ G

B
M

 su
bs

et
s

Su
bs

et
 o

f G
B

M
 tu

m
or

s;
 e

xa
ct

 
pr

ev
al

en
ce

 v
ar

ie
s;

 e
xp

re
s-

si
on

 in
cr

ea
se

s w
ith

 g
lio

m
a 

gr
ad

e

M
em

br
an

ou
s/

cy
to

pl
as

m
ic

 
an

d 
he

te
ro

ge
ne

ou
s;

 a
ss

oc
i-

at
ed

 w
ith

 h
ig

he
r g

ra
de

, 
pr

ol
ife

ra
tio

n,
 a

nd
 w

or
se

 
pr

og
no

si
s r

at
he

r t
ha

n 
a 

fir
m

ly
 e

st
ab

lis
he

d 
ca

no
ni

ca
l 

G
B

M
 su

bt
yp

e

[2
7,

 5
1,

 7
4,

 7
8,

 8
0,

 1
11

, 1
14

, 1
28

, 1
33

, 1
46

]

C
D

38
M

ul
tip

le
 m

ye
lo

m
a 

ce
ll 

lin
es

; m
ur

in
e 

M
M

 m
od

-
el

s;
 P

ha
se

 I 
M

M
 tr

ia
ls

C
D

38
×C

D
3 

Ig
M

-b
as

ed
 B

TE
 

(I
gm

-2
64

4)
 a

nd
 C

D
38

 T
riT

Es
 

ca
us

ed
 p

ot
en

t M
M

 c
el

l l
ys

is
 

in
 v

itr
o,

 su
pp

re
ss

ed
 tu

m
or

 
gr

ow
th

 in
 m

ic
e,

 a
nd

 d
em

on
-

str
at

ed
 a

ct
iv

ity
 in

 e
ar

ly
 c

lin
ic

al
 

stu
di

es
, h

ig
hl

ig
ht

in
g 

po
te

nt
ia

l 
us

e 
ag

ai
ns

t C
D

38
⁺ G

B
M

 
str

om
al

 e
le

m
en

ts

Lo
w

 fr
eq

ue
nc

y;
 o

nl
y 

a 
sm

al
l 

fr
ac

tio
n 

of
 tu

m
or

 c
el

ls
 a

re
 

po
si

tiv
e,

 w
ith

 a
dd

iti
on

al
 

ex
pr

es
si

on
 in

 st
ro

m
al

/
m

ye
lo

id
 c

om
pa

rtm
en

ts

Sp
ar

se
 a

nd
 h

et
er

og
en

eo
us

 o
n 

tu
m

or
 c

el
ls

; m
or

e 
re

le
va

nt
 

as
 a

 m
ic

ro
en

vi
ro

nm
en

ta
l/

str
om

al
 c

om
pl

em
en

t w
ith

 
bi

ol
og

ic
 ta

rg
et

in
g 

ra
tio

na
le

[3
9,

 6
9,

 8
6,

 9
7,

 1
40

]

M
U

C
 fa

m
ily

 
(M

U
C

1,
 M

U
C

12
, 

M
U

C
16

)

O
va

ria
n 

an
d 

co
lo

re
ct

al
 

ca
rc

in
om

a 
m

od
el

s;
 

ad
en

ov
ira

l d
el

iv
er

y 
fo

r 
M

U
C

1

M
U

C
1-

B
TE

 a
de

no
vi

ru
s (

TI
LT

-
32

2)
 e

ra
di

ca
te

d 
M

U
C

1⁺
 

ov
ar

ia
n 

tu
m

or
s. 

M
U

C
12

- a
nd

 
M

U
C

16
-d

ire
ct

ed
 B

TE
s 

in
du

ce
d 

str
on

g,
 a

nt
ig

en
-

de
pe

nd
en

t c
yt

ot
ox

ic
ity

 a
nd

 
sy

ne
rg

iz
ed

 w
ith

 P
D

-1
 o

r 
an

ti-
V

EG
F 

ag
en

ts
, i

nd
ic

at
-

in
g 

po
te

nt
ia

l f
or

 M
U

C
⁺ G

B
M

 
ni

ch
es

In
co

m
pl

et
el

y 
de

fin
ed

; s
ub

se
t 

ex
pr

es
si

on
 o

f M
U

C
1 

in
 

G
B

M
; M

U
C

12
/M

U
C

16
 

da
ta

 re
m

ai
n 

lim
ite

d

A
be

rr
an

t M
U

C
1 

ex
pr

es
si

on
 

an
d 

fu
nc

tio
n 

in
 tu

m
or

 c
el

ls
; 

M
U

C
12

/M
U

C
16

 h
av

e 
lim

ite
d 

da
ta

 a
nd

 re
m

ai
n 

ex
pl

or
at

or
y 

as
 o

f n
ow

; 
str

on
ge

r b
io

lo
gi

ca
l r

at
io

na
le

 
du

e 
to

 ro
le

 in
 g

lio
m

a 
pr

o-
gr

es
si

on

[1
5,

 3
2,

 7
5,

 1
05

, 1
37

]



Acta Neuropathologica (2026) 152:15 	 Page 7 of 26     15 

Ta
bl

e 
1  

(c
on

tin
ue

d)

C
an

ce
r

A
nt

ig
en

M
od

el
Su

m
m

ar
y

Pr
ev

al
en

ce
Ex

pr
es

si
on

 p
ro

fil
e

Re
fe

re
nc

es

PR
LR

PR
LR

⁺ b
re

as
t c

an
ce

r c
el

l 
lin

es
; x

en
og

ra
fts

PR
LR

-B
TE

 c
on

str
uc

ts
 d

ro
ve

 
T-

ce
ll 

pr
ol

ife
ra

tio
n 

an
d 

Th
1 

cy
to

ki
ne

 re
le

as
e,

 re
du

ce
d 

tu
m

or
 b

ur
de

n 
in

 m
ic

e,
 a

nd
 

sh
ow

ed
 fa

vo
ra

bl
e 

sa
fe

ty
, 

su
gg

es
tin

g 
PR

LR
⁺ G

B
M

 su
b-

po
pu

la
tio

ns
 c

ou
ld

 b
e 

si
m

ila
rly

 
ta

rg
et

ed

Su
bs

et
 e

xp
re

ss
io

n 
in

 G
B

M
; 

lim
ite

d 
da

ta
 o

n 
ex

ac
t p

re
va

-
le

nc
e;

 o
ne

 st
ud

y 
re

po
rte

d 
~ 

30
%

Tu
m

or
 c

el
l e

xp
re

ss
io

n 
lin

ke
d 

to
 p

ro
lif

er
at

io
n,

 m
ig

ra
-

tio
n,

 a
nd

 c
he

m
or

es
ist

an
ce

; 
he

te
ro

ge
ne

ou
s;

 n
o 

str
on

g 
co

ns
en

su
s s

ub
ty

pe
 la

be
l y

et

[1
, 8

, 9
, 1

49
]

PS
M

A
Pr

os
ta

te
 c

an
ce

r c
el

l l
in

es
; 

Ph
as

e 
I p

as
ot

ux
iz

um
ab

 
tri

al
; s

qu
am

ou
s l

un
g 

xe
no

gr
af

ts

PS
M

A
-B

TE
 p

as
ot

ux
iz

um
ab

 
in

du
ce

d 
do

se
-d

ep
en

de
nt

 
de

cl
in

es
 in

 P
SA

 a
nd

 d
ur

ab
le

 
re

sp
on

se
s i

n 
pa

tie
nt

s w
ith

 
pr

os
ta

te
 c

an
ce

r, 
an

d 
pr

ec
lin

i-
ca

l l
un

g 
m

od
el

s c
on

fir
m

ed
 

T-
ce

ll 
re

cr
ui

tm
en

t. 
G

B
M

's 
PS

M
A
⁺ n

eo
va

sc
ul

at
ur

e 
ca

n 
be

 
an

 a
ttr

ac
tiv

e 
ne

w
 ta

rg
et

Pr
ed

om
in

an
tly

 a
 v

as
cu

la
r 

ta
rg

et
 m

ar
ke

r; 
pr

es
en

t 
on

 tu
m

or
 n

eo
va

sc
ul

at
ur

e 
in

 a
 la

rg
e 

pr
op

or
tio

n 
of

 
ca

se
s, 

w
ith

 lo
w

 e
xp

re
ss

io
n 

in
 n

or
m

al
 v

es
se

ls
. S

om
e 

stu
di

es
 su

gg
es

t ~
 3

1–
10

0%
 

pr
ev

al
en

ce

Va
sc

ul
ar

 ta
rg

et
, n

ot
 c

om
pa

rt-
m

en
t s

pe
ci

fic
 o

r d
iff

us
e 

ac
ro

ss
 tu

m
or

 c
el

ls
; s

tro
ng

-
es

t i
n 

pr
ol

ife
ra

tin
g 

tu
m

or
-

as
so

ci
at

ed
 e

nd
ot

he
liu

m

[2
8,

 5
5,

 6
5,

 6
8,

 8
2,

 8
8,

 1
42

]

BT
E 

bi
sp

ec
ifi

c 
T-

ce
ll 

en
ga

ge
r, 

CA
R​ 

ch
im

er
ic

 a
nt

ig
en

 re
ce

pt
or

, C
D

 c
lu

st
er

 o
f d

iff
er

en
tia

tio
n,

 C
RC

​ c
ol

or
ec

ta
l c

an
ce

r, 
D

BT
E 

du
al

 b
is

pe
ci

fic
 ta

nd
em

 e
ng

ag
er

, E
G

FR
 e

pi
de

rm
al

 g
ro

w
th

 fa
ct

or
 re

ce
p-

to
r, 

EG
FR

vI
II

 e
pi

de
rm

al
 g

ro
w

th
 fa

ct
or

 re
ce

pt
or

 v
ar

ia
nt

 II
I, 

Ep
CA

M
 e

pi
th

el
ia

l c
el

l a
dh

es
io

n 
m

ol
ec

ul
e,

 G
BM

 g
lio

bl
as

to
m

a,
 G

SC
 g

lio
m

a 
st

em
 c

el
l, 

H
C

C
 h

ep
at

oc
el

lu
la

r c
ar

ci
no

m
a,

 H
D

AC
i h

is
to

ne
 

de
ac

et
yl

as
e 

in
hi

bi
to

rs
, H

ER
2 

hu
m

an
 e

pi
de

rm
al

 g
ro

w
th

 fa
ct

or
 re

ce
pt

or
 2

, I
gM

 im
m

un
og

lo
bu

lin
 M

, I
L1

3R
α2

 in
te

rle
uk

in
-1

3 
re

ce
pt

or
 su

bu
ni

t a
lp

ha
 2

, M
IC

A/
B 

M
H

C
 c

la
ss

 I 
ch

ai
n-

re
la

te
d 

pr
ot

ei
ns

 
A

 a
nd

 B
, M

M
 m

ul
tip

le
 m

ye
lo

m
a,

 M
U

C
 m

uc
in

, N
SC

 n
eu

ra
l s

te
m

 c
el

l, 
N

KG
2D

L 
na

tu
ra

l k
ill

er
 g

ro
up

 2
 m

em
be

r D
 li

ga
nd

s, 
N

SC
LC

 n
on

-s
m

al
l c

el
l l

un
g 

ca
nc

er
, P

D
-1

 p
ro

gr
am

m
ed

 c
el

l d
ea

th
 p

ro
te

in
 

1,
 P

D
-L

1 
pr

og
ra

m
m

ed
 d

ea
th

-li
ga

nd
 1

, P
D

X 
pa

tie
nt

-d
er

iv
ed

 x
en

og
ra

ft,
 P

R
LR

 p
ro

la
ct

in
 re

ce
pt

or
, P

SA
 p

ro
st

at
e-

sp
ec

ifi
c 

an
tig

en
, P

SM
A 

pr
os

ta
te

-s
pe

ci
fic

 m
em

br
an

e 
an

tig
en

, T
h1

 T
 h

el
pe

r t
yp

e 
1,

 
TM

Z 
te

m
oz

ol
om

id
e,

 T
ri

TE
 tr

is
pe

ci
fic

 T
-c

el
l e

ng
ag

er
, U

LB
P 

U
L1

6-
bi

nd
in

g 
pr

ot
ei

n,
 V

EG
F 

va
sc

ul
ar

 e
nd

ot
he

lia
l g

ro
w

th
 fa

ct
or

, w
t w

ild
 ty

pe



	 Acta Neuropathologica (2026) 152:15   15   Page 8 of 26

tumor site [21, 109, 140]. Such immune cell-directed TriTE 
strategies can not only help overcome antigen heterogeneity 
but also restore durable effector function within the GBM 
tumor.

Choice of antibody fragments and inter‑domain 
linkers

In addition to target antigens, the performance of T-cell 
engagers is strongly influenced by their molecular archi-
tecture. Natural antibodies contain a constant domain (Fc) 
and two antigen-binding sites, each with a heavy (H) and a 
light (L) variable domain [81, 107]. Designing a bispecific 
construct that incorporates two distinct antigen-binding sites 
poses a technical challenge due to the “chain-association 
issue”. In protein assembly, various combinations of the VH 
and VL chains can associate, ultimately leading to incon-
sistent generation of the target result (two separate antigen-
binding sites), since only a specific VH–VL combination 
will yield that endpoint. To avoid this, the field has instead 
transitioned to fragment-based constructs, such as tandem 
scFvs, which allow customization and specification of the 
desired result. These formats, however, are generated with-
out the glycosylated constant region, resulting in a relatively 
short plasma half-life because the Fc region protects against 
catabolism. Most antibodies tested in glioblastoma have 
been tandem scFvs (Table 2). An alternative design would 
be to fuse a regular antibody molecule to 1–2 polypeptide 
chains, thereby preserving the Fc domain. This design, how-
ever, results in steric hindrance, especially when trying to 
engage two cell types simultaneously (both cells would be 
on the ipsilateral side of the Y-shaped antibody). This has 
led to asymmetric alternatives that seek to retain the native 
architecture of antibodies, with antigen-targeting sequences 
at distant sites on the Y-shaped antibody, using complex 
manufacturing techniques such as post-production assembly 
or the recombination of antibody half-molecules to gener-
ate the desired result. The construct aims to reduce immu-
nogenicity and side effects by closely resembling natural 
antibodies; however, its asymmetric nature typically limits 
targeting to only two antigens, thereby preventing multiva-
lent targeting of 3+ antigens. Additionally, a concern regard-
ing including the Fc domain is cytokine release syndrome 
(CRS). When the anti-human CD3 antibody (OKT3), which 
contains an Fc region, was first tested in humans, it resulted 
in severe CRS involving the Fc regions of CD3 antibodies 
and Fc receptors on other immune cells [25]. Therefore, to 
reduce off-target toxicities, many of the antibodies currently 
being tested have been engineered without the Fc domain 
(Table 2), except for the B7-H3/CD3 model by Liu et al., 
which utilized dual-affinity re-targeting technology to pre-
serve the Fc domain, and our laboratory's TriTE construct 
against IL13Rα2 and EGFRvIII. The construct generated by 

Liu et al. resulted in a prolonged half-life of the antibody, 
with retention of up to 120 h post-injection [89]. Our labora-
tory demonstrated an extended plasma half-life for the TriTE 
construct containing the Fc domain [11, 91]. However, the 
risk of cytokine release syndrome was not directly measured 
in either study. It would be beneficial in future studies to 
directly compare a construct with and without an Fc domain 
in an immunocompetent host regarding its bioavailability 
and toxicity profile before initiating clinical trials.

Another consideration is the type of linker between 
the tumor and immune cell antigen fragments. Almost all 
constructs used a glycine-serine (GS) linker, which allows 
high flexibility given its small side chain, thereby confer-
ring maximal backbone conformational freedom [24]. This 
flexibility allows for proper VH–VL pairing within the 
scFv domains, permitting the two binding arms (anti-CD3 
and antitumor antigen) to orient independently for target 
engagement. The GS linker is one of the smallest peptide 
linkers, helping reduce the overall molecular size burden, 
an important consideration in designing therapeutics that 
could cross the BBB. It also reduces the distance between 
the immune cell and its target, thereby increasing cytotoxic 
potency. However, given its repetition, it may also generate 
higher immunogenicity when longer GS linker sequences are 
used. Excessive flexibility may result in antibody fragments 
coiling on one another, leading to less stable immunologi-
cal synapses and reduced cytotoxic efficacy [77, 83]. Pituch 
and Zannikou et al. demonstrated the superior functionality 
of BTE with the 22-amino acid GS linker compared to BTE 
with the 5-amino acid length that many other constructs 
tested within GBM have utilized [106]. They noticed an 8.5 
times higher affinity as well as a 63–67% increase in survival 
in mice compared to the shorter linker configuration [106]. 
This study suggests a Goldilocks effect: the linker needs to 
be just long enough to facilitate immune cell–tumor cell 
interaction, but not too long for the antibody to coil up on 
itself and create unstable immunologic synapses.

When specifically considering TriTE molecules, an addi-
tional consideration concerns the orientation of the CD3 
fragment relative to the tumor antigen fragments. Park et al. 
tested three configurations of CD3 positioning relative to the 
IL13Rα2 and EGFRvIII domains and found that centralizing 
the CD3 binding domain optimized the immunological syn-
apse geometry and minimized off-target engagement [103]. 
Our laboratory designed an asymmetric TriTE construct that 
arranged the CD3 antibody fragment as the first sequence, 
followed by an IL13Rα2 fragment, then the Fc domain, 
and finally the nanobody targeting EGFRvIII [11, 91]. We 
found that the TriTE protein had a half-life of 41 h, could 
cross the BBB, and conferred a significant survival benefit 
when tested in GBM6- and GBM6/GBM39-implanted mice. 
When comparing these two constructs, the TriTE with the 
CD3 domain placed between the two tumor antigen-binding 
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fragments showed a greater survival benefit. However, the 
comparison is limited by the use of different animal models 
(Park et al. used U87vIII and U251 orthotopic mice, whereas 
Balyasnikova et al. used GBM6 and GBM39 orthotopic 
mice). Taken together, the studies suggest that while all ori-
entations appear efficacious, customizing the construct to 
unique binding arms used in TriTE's design is imperative 
for selecting the lead design.

Delivery considerations

When considering CNS tumors such as GBM, there are 
three barriers to systemically delivered immunotherapies 
that need to be overcome: the blood–brain barrier (BBB), 
blood–brain tumor barrier (BTB), and blood–CSF barrier 
(BCSFB) [72]. The BBB classically limits the penetration 
of large, hydrophilic molecules, including antibodies and 
engineered immune cells, into healthy brain parenchyma, 
severely restricting therapeutic delivery [3]. In GBM 
tumors, the BTB is an altered BBB, as it is overall leakier 
due to increased abnormal, tortuous blood vessels feeding 
the tumor, aberrant pericyte distribution, and loss of astro-
cytic foot processes [3, 72]. Since the BTB is generally less 
selective than the BBB, some drugs may have an easier time 
entering the tumor; however, glioblastoma tumors have 
evolved to evade this by incorporating drug efflux systems 
[10, 45], posing a significant challenge to drug development. 
Finally, the last barrier to consider for immunotherapeutic 
drug delivery is the BCSFB, where the drug would need 
to bypass the choroid plexus, a tight formation of fenes-
trated capillaries inside the ventricles [63]. Several enabling 
approaches are being investigated to tackle these problems.

First, it is important to understand the baseline ability 
of T-cell engagers in reaching the tumor site when deliv-
ered systemically. BTEs approaching 60 kDa have demon-
strated intracranial tumor accumulation in GBM despite any 
interventions to augment their accessibility to the tumor 
bed. In a longitudinal PET/CT study of a fully humanized 
IL13Rα2×CD3 BTE, intravenous administration produced 
rapid tumor localization at 3 h post-infusion, and tumor 
uptake was on average twice as great as in healthy brain tis-
sue (healthy brain: 0.99% ± 0.41% ID/g vs tumor: 2.03% ± 
1.18% ID/g, n = 10, p = 0.022). Overall, BTE accumulated 
heterogeneously throughout the tumor and persisted for at 
least 24 h, clearing around the 48-h time point. In terms 
of accessibility, the authors found that the BTE traversed 
the BTB; however, they noted that further investigation 
into whether the drug could cross the intact BBB or the 
BCSFB is needed, especially given that GBM tends to recur 
in intact areas of the BBB, and knowing whether the drug 

could penetrate these more heavily guarded areas could help 
predict therapeutic persistence [50, 101].

Emerging preclinical data from our laboratory suggest 
that recombinant TriTE proteins may also achieve mean-
ingful tumor accumulation. Our TriTE targeting IL13Rα2, 
EGFR/EGFRvIII, and CD3 exhibited an extended serum 
half-life and heterogeneous intratumoral uptake after sys-
temic injection. No additional methods were specifically 
used to augment trafficking into TME [91]. Park et  al. 
(2024), who also tested a TriTE in GBM, reported signifi-
cantly prolonged survival in mice treated with TriTE; how-
ever, they used electroporation to enhance trafficking to the 
TME. The exact biomechanics of drug delivery were not 
elaborated upon, but one can suspect that intratumoral accu-
mulation occurred given the demonstrated survival benefit; 
to what degree, with or without electroporation, would be 
interesting for further investigation [103].

Numerous strategies could be employed to enhance 
delivery of T-cell engagers to the CNS tumor bed. First, 
radiation treatment has been shown to disrupt the BBB in 
and around tumors, thereby enhancing the effectiveness of 
therapeutic delivery [62]. As part of the gold standard treat-
ment of GBM, radiation therapy before or concurrent with 
BTE may represent an easily translatable option for patients. 
Baugh et al. recently published a paper demonstrating that 
their NKG2D ligand-targeting BTE had enhanced activity 
when pre-treated with TMZ, radiation, or TMZ + radiation, 
compared with BTE alone [16]. The authors used a radiation 
dose of 2 Gy in U87 cancer cell lines. While pre-treatment 
with radiation did show significant improvement in BTE 
killing of U87 cells, TMZ and RT-TMZ did show greater 
enhancement of the BTE treatment. Although not assessed 
in this paper, the improved efficacy of the therapy may have 
resulted from disruption of the BBB. We suggest that future 
studies consider testing T-cell engagers with and without 
radiation treatment and focus not only on assessing efficacy 
but also on evaluating drug trafficking into the TME.

An additional technique to aid T-cell engagers in reach-
ing the CNS is to directly open the endovascular barriers. 
Focused ultrasound uses sonoporation via targeted ultra-
sound waves and intravenously injected microbubbles to 
open the BBB/BTB in localized brain regions for a transient 
period of time [7, 20], to increase the ability of large drugs 
such as TriTEs to cross the BBB/BTB. This has been tested 
to enhance delivery of immunotherapeutics in preclinical 
trials [26, 47, 115], and is currently being tested alongside 
anti-EGFR bispecific-armed T cells in a phase 1 clinical trial 
at the University of Virginia (NCT07343986) with the study 
estimated to complete in December 2028.

Encapsulation of the T-cell engager within lipid or 
polymer nanoparticles is another method that can protect 
against rapid clearance and peripheral degradation as well 
as facilitate BBB crossing through endocytosis [48, 59]. 
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Alternatively, BBB shuttle peptides can conjugate TriTEs 
to ligands or peptides that bind transport receptors on brain 
endothelial cells (e.g., the transferrin receptor), thereby ena-
bling receptor-mediated transcytosis [112, 124, 147]. These 
methods may provide particular benefit again for the larger 
TriTE molecules, hopefully extending the therapeutic benefit 
of these immunologic agents.

Locoregional delivery into the CSF space can bypass 
the BBB/BTB, thereby increasing drug concentration in 
the tumor bed. Intrathecal administration may also reduce 
systemic toxicity, as therapeutically effective CNS concen-
trations might be achieved at substantially lower total doses 
[66, 95, 134]. Locoregional delivery, though, has important 
limitations, including the need for implanted devices such as 
an Ommaya reservoir, which introduces device-related risks, 
including infection [92, 125]. However, given the poor prog-
nosis of this patient population, the authors believe that the 
potential benefits of locoregional delivery outweigh these 
risks. In addition, preclinical testing of intrathecal strate-
gies with T-cell engagers is now facilitated by platforms that 
enable repetitive intrathecal delivery, thereby mimicking the 
function of an Ommaya reservoir in animal models [145]. 
With this new system now available, we highly recommend 
that preclinical studies include comparisons of intrathecal 
administration with the traditional intravenous, intratumoral, 
or intraperitoneal routes.

Outside of changing the delivery route or manipulating 
the BBB itself, an alternative strategy is to encode the T-cell 
engager into a smaller carrier system that can produce the 
protein locally. This can be done with gene-encoded deliv-
ery, in which plasmid DNA, mRNA, or viral vectors drive 
in situ production of T-cell engagers. DNA-encoded BTEs 
delivered via nonviral plasmids or adeno-associated viral 
vectors have achieved sustained intratumoral expression 
over days to weeks, reducing the pharmacokinetic fluc-
tuations associated with repeated protein infusions [15, 
18, 151]. Safety can be built in through inducible promoters 
or “on/off” switches, allowing clinicians to dial expression 
up or down to manage toxicity [34, 38, 60]. Delivery of 
the DT2035 construct was carried out via DNA-launched 
expression. Intramuscular administration of a plasmid 
encoding the TriTE under a constitutive promoter produced 
sustained intratumoral levels without continuous protein 
infusion. This gene-encoded format incorporated safety 
switches and simplified manufacturing [103].

Cellular carriers, which can be modified ex vivo to secrete 
T-cell engagers and subsequently infused into the brain, are 
another option for delivery [30, 56, 106]. Neural stem cells 
engineered to secrete IL13Rα2-targeted BTEs exhibited 
tumor-tropic migration, drove intratumoral T-cell activation, 
and improved survival in orthotopic GBM PDX models, sup-
porting their role as local drug delivery platforms in the CNS 
[56, 106]. CAR T cells represent a second cellular carrier 

opportunity, with the added advantage of antigen-guided 
delivery, antigen-dependent expansion, and sustained per-
sistence within the tumor microenvironment. Preclinical and 
early clinical studies using EGFRvIII-directed CAR T cells 
engineered to secrete EGFR-targeted BiTE/TEAM mol-
ecules demonstrated robust GBM control [29, 30]. Geneti-
cally engineered macrophages offer a third carrier platform, 
as macrophages can traffic to intracranial tumors following 
systemic administration and accumulate within GBM lesions 
in response to tumor-derived chemokines. Preclinical studies 
demonstrate preferential homing of infused macrophages to 
orthotopic GBM tumors with deep tissue penetration, while 
early clinical experience with autologous macrophage-based 
therapies suggests favorable safety and low immunogenicity 
[31, 49, 52, 102]. However, tumor-associated macrophages 
undergo continuous turnover over weeks rather than durable 
engraftment, potentially limiting the duration of therapeutic 
payload delivery [57]. Along with that, other trade-offs for 
cellular carriers include the need for invasive delivery meth-
ods and the logistical complexity of large-scale manufactur-
ing for patient-specific cell isolation, genetic engineering, 
expansion, and the consistent production of T-cell engagers.

An additional interesting technique is intein-mediated 
protein trans-splicing (PTS), in which two separate poly-
peptide precursors, each carrying different antigen-binding 
domains and split intein halves, are independently expressed 
and purified. Upon mixing, the inteins catalyze traceless 
peptide bond formation to generate a fully functional T-cell 
engager [123, 133]. PTS reduces aggregation by keeping 
individual domains apart until final assembly, making it 
particularly well suited for bulky TriTE constructs. When 
applied in vivo, successful TriTE formation would require 
that both protein components reach the TME and co-local-
ize at appropriate stoichiometric ratios to enable productive 
trans-splicing.

Lastly, the circulation time of T-cell engagers can be 
extended by genetically fusing them to an immunoglobu-
lin Fc domain (as described previously) or to human serum 
albumin (HSA), thereby increasing the likelihood that the 
drug reaches the TME. Both Fc and albumin engage the 
neonatal Fc receptor, which rescues internalized proteins 
from lysosomal degradation and recycles them back into cir-
culation. By using this pathway, Fc- or HSA-tagged TriTEs 
can achieve serum half-lives of days rather than hours, 
reducing the need for continuous infusion [2, 87]. Both Liu 
et al. and our laboratory have designed antibodies using this 
method (Table 2), thereby extending the construct's half-life 
to 41–120 h.

Overall, each delivery method offers a distinct balance 
of benefits and drawbacks. For GBM, the optimal approach 
may combine strategies, such as gene-encoded expression 
in intracranially delivered NSCs to enhance stability and 
tumor localization, with a customized approach tailored 
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to a patient's biomarker profile and the pharmacodynamic 
requirements of the selected TriTE construct.

Toxicity evaluation

Because T-cell engagers induce potent immune activation 
within the CNS, careful preclinical toxicity evaluation is 
essential, particularly to assess the risks of cytokine release 
syndrome (CRS) and neurotoxicity. Although CRS and 
immune effector cell–associated neurotoxicity syndrome 
(ICANS) are well described in hematological malignan-
cies, emerging evidence suggests that GBM-directed T-cell 
engagers targeting tumor-restricted antigens may induce spa-
tially confined immune activation within the solid tumor 
microenvironment [94]. In an immunocompetent murine 
GBM model, a CD3×IL13Rα2 BTE selectively activated 

tumor-infiltrating CD8⁺ T cells, with no detectable activation 
of peripheral or splenic T cells; single-cell RNA sequencing 
confirmed tumor-restricted expansion of effector and tissue-
resident memory T-cell populations [141]. These findings 
suggest that antigen-dependent, tumor-restricted engagement 
may reduce systemic toxicity risk in GBM patients, unlike 
those with blood-borne cancer.

Several design and testing strategies can further reduce 
T-cell engager toxicity. One strategy is step-up dosing, 
where incremental dose escalation in early treatment phases 
blunts peak T-cell activation at each step and thereby miti-
gates peak cytokine responses [96]. Serial monitoring of 
cytokines in serum and CSF enables real-time assessment 
of inflammatory responses and identification of dose ranges 
that balance efficacy with safety [61]. Furthermore, incor-
porating mutated Fc regions or FcγR-silencing mutations 
prevents unwanted immune activation [22, 44, 90, 136]. 

Fig. 2   Validation roadmap for GBM-targeting TriTEs. Proposed 
preclinical validation model, spanning construct design, molecular 
optimization, target binding, functional safety testing, and in vivo effi-
cacy assessment. Decision checkpoints between boxes indicate that 
constructs advance only if they demonstrate sufficient antigen-pair 
rationale, developable molecular architecture, selective target anti-
gen binding, antigen-dependent cytotoxicity across heterogeneous 
GBM models, acceptable cytokine and off-tumor safety profiles, and 

in vivo tumor exposure with therapeutic benefit. Failure at any check-
point should trigger redesign and reconsideration of the previous step. 
CD cluster of differentiation, CNS central nervous system, Fab frag-
ment antigen binding, GBM glioblastoma, IFN-γ interferon gamma, 
IL-6 interleukin-6, PBMC peripheral blood mononuclear cell, PDX 
patient-derived xenograft, scFv single-chain variable fragment, TNF-
α tumor necrosis factor alpha, TriTE trispecific T-cell engager. Cre-
ated with BioRender.com
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Also, embedding co-stimulatory (CD28, 4-1BB) or check-
point-blocking (PD-L1) modules can promote localized 
T-cell amplification and cytokine release at the tumor site 
[21, 109, 135]. One interesting method is cytokine-profiling 
assays to select constructs with maximal cytotoxicity yet 
minimal off-target inflammation. This method involves co-
culturing multiple TriTE variants with PBMCs at varying 
antigen densities and measuring cytokine secretion. This was 
exemplified in DT2035's early validation [103] and could be 
used in future testing of upcoming T-cell engagers before 
clinical trials.

Finally, each TriTE construct should undergo specific-
ity profiling to prevent off-tumor toxicity, including against 
cells expressing homologous antigens (e.g., wild-type EGFR 
in EGFR/EGFRvIII-targeted arms) and in healthy brain tis-
sue, to ensure that TriTE-mediated T-cell activation occurs 
preferentially in tumor tissues. In testing this at the bench, 
we hope to avoid devastating consequences for patients once 
the drug starts clinical trials.

Conclusion

Glioblastoma's antigenic heterogeneity, profoundly immuno-
suppressive tumor microenvironment, and restrictive delivery 
barriers have limited the effectiveness of most immunothera-
pies to date. By distributing therapeutic pressure across mul-
tiple antigens and extending bioavailability through recent 
biotechnological advances, T-cell engagers are emerging as 
promising molecules to limit antigen-negative escape and 
improve long-term tumor control. Advances in spatial and 
single-cell transcriptomics now enable more precise identi-
fication of co-expressed antigens within GBM niches, mak-
ing biomarker-driven patient selection and tailored construct 
design increasingly feasible. In combination with emerging 

delivery methods such as PTS or FUS, T-cell engagers may 
represent an important next step in GBM immunotherapy.

Clinical translation will require more precise patient selec-
tion and construct matching, as GBM exhibits patchy spatial 
co-expression of targetable antigens and evolves under treat-
ment pressure. As such, it is likely the most effective TriTE 
design will differ across patients and across disease stages. 
Emerging tools such as spatial transcriptomics and liquid 
biopsy-based monitoring may help identify antigen combina-
tions most relevant to an individual tumor and track how those 
profiles change over time [129, 131]. Although this degree of 
biomarker-driven tailoring could increase development and 
manufacturing complexity, it offers the potential to improve 
therapeutic efficiency by reducing exposure to ineffective con-
structs. Realizing this potential will require a rigorous trans-
lational framework for preclinical validation (Fig. 2). Rather 
than relying solely on cytotoxicity data, GBM-directed TriTEs 
will need to progress through an integrated pipeline that links 
rational design, preclinical validation, and robust clinical trials 
testing to support clinical translation. A summary of recent 
or ongoing clinical trials of T-cell engagers is provided in 
Table 3.

Priority next steps include: (i) GBM antigen co-expression 
mapping to identify high-yield target combinations for TriTE 
development; (ii) functional evaluation of different TriTE 
backbone modules, including Fc-silencing, co-stimulatory, 
checkpoint blockade, and half-life-extending domains, in 
GBM; (iii) development of step-up dosing schedules and 
serum/CSF cytokine monitoring strategies to mitigate toxic-
ity; (iv) comparison of BBB-penetrating delivery routes using 
quantitative pharmacokinetic and pharmacodynamic endpoints 
in orthotopic models; and (v) clinical trial designs that incor-
porate longitudinal antigen loss and residual disease monitor-
ing. Together, these efforts will provide a practical path to 
determine whether T-cell engagers can achieve more durable 
disease control in GBM.
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