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T-CELL MEDIATED IMMUNOTHERAPY 
The past 10 years have seen a rapid evolution of 
therapeutic T-Cell redirection immunotherapies 
culminating in the approval of two important new 
treatment modalities: Chimeric Antigen Receptor T-cells 
(CAR-T) and Bispecific T-cell Engagers (BiTE®s). One 
BiTE® and two CAR-T therapies have been approved 
by the FDA for the treatment of haematological 
malignancies by direct redirection of T-cells. 

Blinatumomab (Blincyto®), Amgen’s acute lymphoblastic 
leukaemia (ALL) drug, is the most advanced CD19-
targeted immuno-therapy with survival data unveiled 
in 2019 showing that more than half of patients were 
alive five years following the first cycle of treatment.1 
Compared with autologous cell therapies, BiTE®s offer 
an off-the-shelf immunotherapy solution making T-cell 
treatment accessible and affordable to healthcare 
providers and patients. Consequently, new T-cell 
redirecting compounds targeting CD3, a T-cell co-
receptor involved in activating cytotoxic T-cells and 
T-helper cells, and tumour-associated antigens are now 
entering clinical and preclinical development at an 
unprecedented rate.2,3 

CAR-T therapies axicabtagene ciloleucel (Yescarta®, 
Kite/Gilead) and tisagenlecleucel (Kymriah®, 
Novartis) have achieved extraordinary results in B cell 
malignancies targeting CD19 with a single infusion of 
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engineered T-cells achieving remission rates of up to 
94% in patients previously found to be unresponsive to 
standard treatments.4,5 While their conceptual genesis 
dates to the 1980’s, the translation of CAR-T into clinical 
therapies is still relatively young and developing quickly.  
With new advances promising to make CAR-T therapies 
more potent, safer and manufacturable, this area 
has generated enormous interest, with recent private 
placements as well as public offerings of cell therapy 
leaders routinely exceeding $100m.

Extensive clinical and non-clinical data for 
BiTE® and CAR-T therapies now provides a 
knowledge base from which next generation 
treatments can be engineered.

Alternative scaffolds and antibody formats are being 
explored to further optimise tumour targeting of T-cell 
redirection therapies.3,6–9 Newer and more diverse formats 
for bispecific antibody T-cell engagers and CAR-T cells 
are being developed to enhance the therapeutic window, 
tune target affinity binding and enhance biomarker 
specificity to minimise off-target toxicity.5,6,10

Ultimately, the extension of bispecific antibody T-cell 
engagers and CAR-T to the treatment of solid tumours 

is a holy grail for immunotherapy as solid tumours 
present a significantly larger unmet medical need than 
haematological malignancies. The engineering of T-cell 
redirection therapies to overcome the natural resistance 
of solid tumours to immune cell attack would represent a 
paradigm changing technology in the fight against cancer. 

Significant possibilities exist to optimise both 
BiTE®s and CAR-T through the incorporation 
of humanised camelid-derived single domain 
antibodies, commonly referred to as VHH or 
Nanobodies®. 

VHH can be engineered to tune their binding selectivity 
and specificity for antigen targeting whilst their 
favourable biophysical properties simplify development 
and manufacturing. Their small size also confers 
advantages for tuning the immune synapse, the interface 
between antigen-presenting cells and T-cells, to optimise 
potency and minimise toxicity of T-cell redirecting 
immunotherapies. In this paper we summarise the clinical 
and research landscape for CAR-T and bispecific T-cell 
engaging therapies and show how single domain VHH 
antibodies can be applied to optimise the next generation 
of these important new therapeutic modalities.
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EVOLUTION OF T-CELL IMMUNOTHERAPY
Immunotherapy for cancer has been used in the clinic since the 1990s with the introduction of Rituximab (Rituxan / 
MabThera, Roche), an antibody capable of depleting B-cells for the treatment of non-Hodgkin lymphoma. Since then 
antibodies have been used extensively in the treatment of cancer. Over 60 antibody-based drugs have been approved 
for therapeutic use and are currently marketed, with worldwide revenues of US$98 billion in 2018.12 

A more recent development that has shown remarkable efficacy is the direct re-targeting of T-cells: effectively 
harnessing the body’s immune system to control and kill cancerous cells. Bispecific T-cell Engagers (BiTE®s) and 
Chimeric Antigen Receptor T-cells (CAR-T) therapy are two clinically validated examples which redirect cytotoxic 
T-cells to predefined tumour targets, for MHC-independent cancer cell elimination. In both cases the tumour associated 
antigen (TAA) arm is the antibody fragment or scaffold which recruits T-cells to the specific tumour biomarker, 

FIGURE 1 TRANSFORMATION OF THE ONCOLOGY TREATMENT LANDSCAPE BY IMMUNOTHERAPIES

The therapeutic use of bispecific antibodies to recruit T-cells to kill tumour cells independent of their underlying antigen specificity was 
first demonstrated in vitro in the mid-1980s. Similarly, CAR-T therapies have been in development since the discovery of autologous tumour 
infiltrating lymphocytes (TILs) were used to treat the tumour from which they were derived, in 1988. Due to the direct re-targeting of the cells, 
rather than the recruitment of the cells as in traditional immunotherapy, these therapies are associated with remarkable efficacy, resulting in 
approved therapies. Adapted from a review by Strohl and Naso14 

CAR-T 
T-cells can be engineered in the laboratory to recognise tumour cells via a variable TAA binding 
receptor creating chimeric antigen receptor T-cells (CAR-T). To generate autologous CAR-T 
therapeutics, the patient’s T-cells are physically removed depleting the immune system to provide 
a niche for the transformed CAR-T-cells to populate. The extracted T-cells are then transformed, 
often using an engineered virus, to express the antigen receptor on their surface, becoming 
chimeric T-cells, before being reintroduced to the patient. Upon interaction with the antigen 
receptor target, the CAR-T cells are activated via intracellular signal-transducing domains of the 
antigen receptor, derived from CD3 and other co- stimulatory molecules. Once activated, tumour 
cell killing occurs via cytosolic synapse formation that avoids the need for the de novo mechanism 
of HLA / T-cell receptor mediated synapse formation.  

The remarkable efficacy of CAR-T has generated significant investment in these treatments and 
205 autologous CAR-T programs are currently in active development.14 However there remain 
complex operational barriers to widescale adoption of autologous therapies, such as the need 
for certified centres for administration, multi-week manufacturing processes, and the associated 
extended duration of patient hospitalisation.4,15,16 Allogenic CAR-T therapies seeks to overcome 
these barriers by creating “off-the-shelf” standardised CAR-T-cell products. Allogenic therapy 
relies on a single source of cells to treat many patients, using T-cells from a healthy donor or 
stem cell technologies to develop a master cell bank. Such a therapy would, in theory, allow 
for redosing or combination of CAR-T cells directed against different targets and decreased 
cost using an industrialised process. Companies paving the way in this field include Allogene 
Therapeutics, Cellularity, Celyad, Century Therapeutics, Orca Bio and Poseida, to name a few.
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BISPECIFIC T-CELL ENGAGING THERAPEUTICS
T-cell engaging therapeutics are multi-valent antibodies or fragments of antibodies, directed 
against a constant surface membrane component of the T-cell complex and a TAA. Currently the 
only T-cell engaging bispecific to be clinically approved is the CD19-targeting BiTE® molecule, 
blinatumomab (Blincyto®), originally developed by Micromet (acquired by Amgen in 2012), 
which is comprised of tandem scFv connected by a short flexible linker sequence. Bispecific T-cell 
engaging therapies bind to specific surface markers of tumour cells and T-cells simultaneously, 
leading to remarkably efficient direct T-cell killing of tumour cells via the induction of an immune 
synapse. T-cell engaging bispecific antibodies form an immune synapse biochemically similar to 
those mediated by a TCR-MHC HLA interaction but avoiding the necessity for an HLA restricted 
response. The efficacy and success of bispecific antibody T-cell engagers are driven by their small 
size and high flexibility, enabled by  specific bridging and subsequent synapse formation between 
the effector (T-cell) and target cells (tumour), mimicking the killing mechanism driven by the 
TCR-HLA complex formation under de novo conditions but avoiding the need for recruitment of 
antigen specific T-cells. 

The lower molecular weight of BiTE®s (~55kDa) potentially enables improved tissue penetration 
compared to immunotherapy using IgG’s. Next generation formats of these molecules are in 
development for the treatment of solid malignancies.2,3,17 Antibody-based T-cell engagers benefit 
from simple manufacture and purification, but current treatments require continuous and 
extended intravenous infusion regimens to be therapeutically effective. This is a consequence of 
their short half-life leading to a requirement for continuous intravenous administration typically 
over four-weeks due to narrow therapeutic window. Treatment with BiTE®s can lead to high initial 
response; however, patients can also require repeated courses of therapy increasing the risk of 
adverse reactions which are dose dependent.6,13,14 High affinity targeting to CD3 can also cause 
accumulation of the bispecific T-cell engaging therapies entity in T-cell rich tissues such as lymph 
nodes and the spleen rather than the intended tumour environment, leading to unwanted off-
target activation of the T-cell, exacerbating toxicity and reducing therapy efficacy.6,14

irrespective of the de novo T-cell specificity. The molecular interactions at the immune synapse, and signalling elements 
mediated by specific organisation of antigen (TCR), adhesion and costimulatory/checkpoint receptors result in differing 
modes of action for bispecific antibody T-cell engagers and CAR-T creating differing opportunities and challenges to 
optimise their safety and efficacy (reviewed extensively in 5,6,10,13–16).
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Successful clinical application of autologous CAR-T has 
been achieved with autologous therapies for refractory 
B-cell lymphoma and leukemia, with two FDA approved 
products: Kymriah® (Novartis) and Yescarta® (Gilead / 
Kite Pharma). Since their launch in 2017 these two products 
have generated revenues of $278m and $456m in 2019, 
respectively. Fuelled by growing interest and investment 

An opportunity for VHH as components for next 
generation CAR-T and bispecific T-cell engager 
therapeutics. 

Learnings from the safety and efficacy of current bispecific T-cell and CAR-T in clinical use and development have 
provided a foundation to create enhanced next-generation treatments.6,10,13,14 The greatest clinical opportunity 
exists to expand the application to solid tumours. 

To achieve these goals requires therapies with optimised therapeutic windows, enabled by higher tumour 
specificity, reduced off-target toxicity and in the case of T-cell engagers, optimised affinity of binders to CD3. VHH 
represent an attractive construct for incorporation in CAR-T and T-cell engaging therapeutic format with carefully 
designed affinities, valencies and specificities enabling refined tumour cell targeting and modes of action.

FIGURE 3 CLINICAL TRIALS 
OF BISPECIFIC ANTIBODIES 
AND CAR-T THERAPIES BY 
PHASE 

Figures demonstrate CAR-T 
therapies in Phase1-3 clinical trials 
outnumber bispecific antibodies. The 
greatest proportion of studies remain 
in phase 1. For studies of bispecifics, 
56% are T-cell engaging therapies. 
Allogenic phase 1 clinical trials 
comprise only 10% of total CAR-T 
therapies in phase 1 trials. (Global 
Data May 2020) 

Clinical Trial Landscape 
and Market Size

in the field, the global CAR-T cell therapy market is 
forecast to grow 61% CAGR to 2026 (Global Data). With 
the approvals of Yescarta® and Kymriah®, autologous 
therapies dominate the clinical landscape for CAR-T. 
Allogenic CAR-T therapies are at an earlier stage in their 
development, with the most advanced programmes now 
in Phase II clinical trials (Global Data). Most trials using 
CAR-T cells are early phase studies in haematological 
B-cell malignancies, where success rates are expected to 
be higher than for solid tumors. CD19, a well validated 
B-cell surface marker, is the most well represented tumour 
antigen target in clinical stage CAR-T programs. In newer 
generation CAR-T, the addition of a second tumour 
associated antigen binding moiety seeks to close off 
mechanisms of tumour escape caused by antigen loss 
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and increase the selectivity for the tumour target, thereby 
reducing toxicity attributed to off-target T-cell mediated 
cell killing. Such dual targeting third and fourth-generation 
CAR-Ts have already entered clinical trials.4,5,10

The market for bispecific T-cell redirection antibodies is 
also growing rapidly with an expected CAGR of 56% to 
2026 (Global Data). Blincyto® (Amgen), a first- in- class 
BiTE® approved for the treatment of haematological B 
cell malignancies, is forecast to generate $459 million 
from global annual sales by 2025 (CAGR 9.9%). A half-
life extended version of Blincyto® (AMG 562) is being 
investigated in Phase I trials with the objective to reduce 
treatment barriers by eliminating the 28-day continuous 
infusions. Over 100 antibody T-cell engagers are in clinical 

development and more than half of these are CD3 binding 
bispecific antibodies (Data obtained from Clinical trials 
gov). Currently, 27 bivalent bispecific antibody fragments 
with a T-Cell engaging mode of action are in clinical trials 
targeting TAA including CD33, CD38, FLT-3, BCMA, DLL-3 
and EGFRvIII for the treatment of leukemia, myeloma, 
lung cancer, prostate cancer and glioblastoma.3  

Despite positive clinical results, both therapies continue 
to face similar safety concerns due to the risk of cytokine 
release syndrome and neurotoxicity. CAR-T and antibody-
based T-cell engager therapies are in development for 
solid tumours, however, to date there are no approved 
therapies for treatment.

ATTRACTIVE FEATURES OF VHH 
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FIGURE 2 FORECASTED COMPOUND 
ANNUAL GROWTH RATE FOR 
THERAPEUTICS BIOLOGICS MARKET 

Global monoclonal antibody therapeutics 
market was valued at US$ 98 billion in 
2018 and is projected to exhibit a CAGR 
of 6.9% during the forecast period (2018-
2026) surpassing US$ 174. 2 billion by 2026. 
Next generation antibody therapeutics 
is forecasted to grow to CAGR $60bn 
comprising the following technologies. The 
next-generation antibody therapeutics 
market include Fc engineered antibodies, 
antibody drug conjugates (ADCs), biosimilar 
antibody (Ab) products, antibody fragments 
and antibody-like proteins (AF & ALPs). 
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The contrasting mechanistic features of bispecific antibody 
T-cell engagers and CAR-Ts creates differing opportunities 
and challenges to optimise their safety and efficacy. 
VHH make an attractive construct for incorporation in 
T-cell re-directing therapies. Signalling at the immune 
synapse is inversely correlated with the distance between 
the target and effector cells, meaning that use of small 
format antibodies such as VHH can facilitate tight synapse 

Optimising T-cell antibody engagers  
and CAR-Ts through incorporation of VHH

Their small size, approximately 1/10th the size of an IgG 
molecule, is likely to enable improved tissue penetration in 
vivo.17,18 

Because they are encoded by only a single gene (vhh) 
comprising (approximately) 360 base pairs, VHH can be 
easily covalently linked to other molecules or pro-drugs. 
Fusion of VHH that bind different epitopes or have 
different modes of action allows the creation of multivalent 
molecules with high affinity or potency.

What are VHH?

In the early 1990’s researchers discovered that camels 
and llamas produce heavy-chain only antibodies. VHH, 
the variable domains of these antibodies, are small 
fully functional single domain antibodies that exhibit all 
the features associated with antibody specificity. They 
have binding capacities similar to those of conventional 
monoclonal antibodies. However, as a result of their smaller 
binding region based upon a more probing CDR3 loop18 
and stable, naturally occurring single chain structure they 
can target antigens and epitopes that are considered 
difficult or intractable for conventional antibodies. VHH 
domains are also typically less immunogenic than other 
single chain constructs such as ScFv because of their high 
homology with human VH genes and absence of exposed 
hydrophobic regions making them less potent immune 
targets. This has identified them as potentially excellent 
building blocks for novel non- IgG biotherapeutics.19–21 

VH

VL

Human IgG
150kD

Heavy chain IgG
75kD

~15kDa
VHH

CDR3 CDR1

CDR2
CDRs are the binding  
region for target 
protein epitopes.

The CDR3 loop of VHH 
is long and protruding 
and has a prolate 
shape, exposing a 
convex paratope18

Due to their 
hydrophilic surfaces, 
VHH can be easily 
linked to create 
dimers or higher 
order multimers

formation leading to more effective T-cell mediated killing.22 
Gain of selectivity through valent targeting to multiple 
tumour-associated antigens within the same CAR or T-cell 
engager can result in increased tumour specificity and 
a concomitant increase in efficacy. Means by which the 
shortfalls of current CAR-T and T-cell engaging therapies 
can be overcome through the incorporation of VHH are 
summarised in Table 1.

Small in size, biophysically robust and readily manufactured, VHH antibodies offer advantages in the development of 
many highly efficacious and fast growing new biotherapeutic drugs.

DIRECT THERAPEUTICS

VHHʼs small size makes them 
advantageous for isolating 
binders to therapeutically 
important but challenging 
targets such as GPCRs and ion 
channels

BISPECIFICS & 
MULTISPECIFICS

VHH-only bispecifics offer 
improved targeting and tissue 
penetration for solid tumours. 
VHH can also be combined with 
conventional antibodies to create 
novel bispecifics

T cell

VHH VHH

CAR T 
cell

ANTIBODY DRUG 
CONJUGATES

VHH enable more effective 
targeting of pharmaceutical 
agents (e.g. toxins, RNAi) 
to diseased tissues reducing 
side-effects associated with 
treatment

CELL & GENETHERAPIES

VHH offer a small, stable, 
highly manufacturable 
alternative to scFv as targeting 
agents in cell and gene 
therapies 
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Feature 
of next-

generation 
therapies

CAR-T
T-cell 

engaging 
antibodies 

Shortfall of 
current therapies

Means of optimisation 
via incorporation of VHH Examples

Therapeutic 
half-life 

extension
Y

Small size of BiTE®s 
leads to rapid 

peripheral clearance 

Inclusion of VHH half-life 
extension antibody

Half-life extension via affinity tuning of 
VHH serum albumin binding module23,24

Dual 
targeting 
of tumour 
associated 
antigens

Y Y Tumour escape via 
antigen loss

Exploit VHH small size and 
acceptance of formatting 
modifications to create bi- 
and multi-specific CAR, or 
T-cell engaging antibodies 

Nanobody-based dual specific CARS 
(“NanoCAR”) with CD20 & HER2 binding 

VHH26

Antigen-specific single-chain variable 
fragment (scFv) fused to either the 

variable light (VL) or variable heavy (VH) 
chain domain of an anti-CD3 antibody 

addresses antigen combinations eliminate 
dual antigen-positive cells.27

T-cell 
potency 
in solid 
tumours

Y Y

Failure to target 
stromal and immune 

cells that release 
suppressive factors 
which inhibit T-cells

Low infiltration of 
solid tumours by re-

directed T-cells

Toxicity due to 
systemic activation 

of T-cells

Multi-valent VHH CAR-T/
bispecific antibody T-cell 

engagers for (i) enhanced 
targeting of heterogeneous 

tumours, (ii) improved 
tissue penetration of re-
directed T-cells and (iii) 

co-stimulation of T-cells to 
enhance cytotoxicity 

Tumour specific activation of 
T-cells with VHH activating 

pro-inflammatory T-cells

Targeting of stromal cells to splice variant 
of fibronectin with a VHH CAR-T  

construct 28

Nanobody-based dual specific CARs with 
CD20 and HER2 binding VHH26 

Superior tissue penetration of VHH 
compared to mAb29

Nanobody-based treatment of solid 
tumours30

Bispecific nanobody for tumour-specific 
Vγ9Vδ2-T-cells accumulation and 

activation31

Improved 
therapeutic 

window 
due to CD3 

agonists 
that 

minimize 
cytokine 
release

Y

Single clinically 
validated anti-CD3ε 

mAb (OKT3): a 
high affinity binder    
causing antibody-
mediated cytokine 

release

Novel CD3-targeting 
T-cell agonist VHH 

against different epitopes, 
affinity tuned to optimise 

cytotoxicity while minimizing 
cytokine release

Tuning anti-CD3 binding affinities to 
minimize cytokine release32

Smaller domain antibodies penetrate 
the immune synapse between effector 

and target membranes facilitating signal 
interaction22

Improved 
target cell 
binding 
through 
avidity

Y
Systemic 

inflammatory T-cell 
cytokine production

Exploit small size, 
acceptance of formatting 

and manufacturability 
of VHH to build 2:1 or 3:1 
bispecific formats with 
multiple binding arms 

targeting the tumour antigen

4-1BB agonistic trimerbody consisting of 
3 anti-4-1BB scfV and 3 anti-EGFR single 

domain antibodies CD3ε33

3:1 T-cell bispecific antibody with three 
VHH binding arms targeting EGFR25

On target 
off-tumour 

toxicity
Y

On-target off-
tumour antibody 
toxicity due to 

expression of tumour 
associated antigens 
on healthy tissues 

Incorporate VHH to create 
dual targeting CARs that 

bind two antigens which are 
co-expressed on malignant 
tissue for T-cell activation

PSMA and PSCA-targeting CAR-T 
requires dual antigen binding for complete 

T-cell activation thereby limiting on-
target/off-tumour toxicity10,34,35
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Summary

The scope to further optimise bispecific antibody T-cell engagers 
and CAR-T cell design raises the hope of curative therapies for a 
wide range of malignancies and heralds an exciting time in T-cell 
redirection immunotherapy. Both formats show much promise, 
however progress hinges on resolving their shortcomings of 
toxicity and extending their application to the treatment of solid 
tumours. 

Emerging evidence of how receptors at the immune synapse must 
be organised to optimise signalling elements for directed T-cell 
mediated killing, point to a role for small format antibodies such 
as VHH in enhancing bispecific antibody T-cell engagers and 
CAR-T therapies. Strategies described in this review show how 
VHH with carefully designed affinities, valencies and specificities 
can be used to refine tumour cell targeting and modes of 
action for bispecific antibody T-cell engagers and CAR-T. VHH 
small size and enhanced tissue penetration might also confer 
advantages for treating solid tumours. Bringing these clinically 
proven technologies together – by the incorporation of VHH into 
bispecific antibody T-cell engagers and CAR-T – offers a highly 
promising route to next generation T-cell redirecting therapies 
that more effectively harness the immune system to fight cancer.

GLOSSARY
CAR-T 

BiTE  

VHH 
   

T-cell 
B-cell 
ScFv 
FDA 

MHC
HLA 

TAA 

NHL 

ALL 

CDR 

IgG 

Nanobody™   Single-domain VHH antibody 
trademarked by Ablynx
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Chimeric Antigen Receptor T-cells

Bispecific T-cell engager

Single-domain antibody fragment consisting of a 
single monomeric variable antibody domain

T-Lymphocyte

B-Lymphocyte

Single Chain Variable Fragments

Food and Drug Administration

Major Histocompatibility Complex

Human Leukocyte Antigen

Tumour Associated Antigen

Non-Hodgkins Lymphoma

Acute Lymphoblastic Leukemia

Complementarity-Determining Regions

Immunoglobulin G
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