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Programmable half-life and anti-tumour effects of
bispecific T-cell engager-albumin fusions with
tuned FcRn affinity

Ole A. Mandrup 1 Sui Ching Ong1, Simon Lykkemark1, Anders Dinesen!, Imke Rudnik-Jansen® !,

Niels Frederik Dagnaes-Hansen?, Jan Terje Andersen®?, Luis Alvarez-Vallina®® & Kenneth A. Howard® '™

Fc-less bispecific T-cell engagers have reached the immuno-oncology market but necessitate
continual infusion due to rapid clearance from the circulation. This work introduces a pro-
grammable serum half-life extension platform based on fusion of human albumin sequences
engineered with either null (NB), wild type (WT) or high binding (HB) FcRn affinity combined
with a bispecific T-cell engager. We demonstrate in a humanised FcRn/albumin double
transgenic mouse model (AlbuMus) the ability to tune half-life based on the albumin
sequence fused with a BiTE-like bispecific (anti-EGFR nanobody x anti-CD3 scFv) light T-cell
engager (LiTE) construct [(ty, 0.6 h (Fc-less LiTE), ti, 19 hours (Albu-LiTE-NB), t:, 26 hours
(Albu-LITE-WT), ts, 37 hours (Albu-LITE-HB)]. We show in vitro cognate target engagement,
T-cell activation and discrimination in cellular cytotoxicity dependent on EGFR expression
levels. Furthermore, greater growth inhibition of EGFR-positive BRAF mutated tumours was
measured following a single dose of Albu-LiTE-HB construct compared to the Fc-less LiTE
format and a full-length anti-EGFR monoclonal antibody in a new AlbuMus RAGT knockout
model introduced in this work. Programmable half-life extension facilitated by this albumin
platform potentially offers long-lasting effects, better patient compliance and a method to
tailor pharmacokinetics to maximise therapeutic efficacy and safety of immuno-oncology
targeted biologics.
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new cases estimated to be diagnosed in 2020 in the United
States alone!. Cancer immunotherapy has risen from
peripheral use to a front-line clinical treatment in just over a
decade with several immuno-oncology drugs approved e.g. Key-
truda®, Tecentriq” and Blincyto®, and more than 1500 clinical
trials currently active or recruiting in this area (ClinicalTrials.
gov). In the immuno-oncology space, T-cell engaging bispecific
antibodies are attracting considerable attention with a myriad of
different engineered formats developed?. The excitement, in part,
fuelled by the impressive response rates shown with blinatumo-
mab (Blincyto®) in non-Hodgkin lymphoma® and acute lym-
phoblastic leukaemia? patients. Blincyto® is a ~55kDa bispecific
T-cell engager (BiTE®) composed of two single-chain Fv (scFv)
antibody fragments (anti-CD19 and anti-CD3) connected by a
short flexible linker that mediates immunological synapse for-
mation between CD19-positive cells and CD3-positive T-cells
resulting in T-cell-mediated cell killing. Early studies with the T-
cell binding OKT3 anti-CD3 antibody have, however, reported
overzealous immune stimulation such as non-specific systemic
cytokine release through binding of the Fc region to immune cell
expressing Fc gamma receptors (FcyR)>°. More recently, a phase
1 clinical trial with the Fc containing bispecific anti-EpCAM x
anti-CD3 antibody catumaxomab (Removab) was terminated
following a patient fatality, underlining the potential severity of
Fc-enhanced immune stimulation’ and requirement to mitigate
adverse effects such as cytokine release syndrome and close
monitoring of clinical trials with immune-stimulatory drugs®®.
Removal of the Fc region is a standard strategy to circumvent
adverse immune effects, but with a caveat of removing Fc-driven
cellular recycling through engagement with the neonatal Fc
receptor (FcRn) that results in drastic reduction in blood resi-
dence time. This is exemplified by the requirement of continuous
intravenous (i.v.) infusion of Blincyto® for up to 4 weeks per cycle
of treatment!?. Silencing Fc regions by removal of FcyR binding
by site-specific mutations is an approach to retain FcRn-driven
half-life extension while reducing adverse immune induction.
This, however, is challenging due to multiple different FcyR and
residual binding affinity shown in “silenced” Fc regions!!. The
number of mutations needed for silencing may further affect the
stability and immunogenicity of the engineered Fc regions!2.
Several studies have shown that fusion to albumin-binding pep-
tides!3 or protein!4-16 domains can successfully extend the half-
life of proteins and antibody fragments. Half-life extension of
nanobodies by a fusion to an albumin-binding nanobody in
different species have been described by Hoefman et al.!” and one
drug exploiting an albumin-binding nanobody (ALX-0061) has
reached phase IIb clinical trial (ClinicalTrials.gov). Direct fusion
of drugs to recombinant human serum albumin (HSA), however,
offers the opportunity to control and fine-tune the half-life of
fusion constructs through engineered FcRn binding affinities.
HSA has a circulatory half-life of ~19 days that is predominately
facilitated by engagement with FcRn!8 but without FcyR and Clq
binding associated with IgG-derived Fc fragments!®. Inspection
of the binding interface of albumin with FcRn2%2! has allowed
design of recombinant variants with different FcRn affinities by
single-point amino acid mutations that have been subsequently
used to tune the pharmacokinetic (PK) profile of albumin
fusions?223. Inclusion of human albumin sequences engineered
with different FcRn affinities into BiTE-like designs offers
molecules displaying different PK that could be a crucial para-
meter to select molecules with maximum efficacy and low side-
effects. Bispecific antibodies may also provide an effective treat-
ment for solid tumours non-respondent to available monoclonal
antibodies such as the commercial anti-epidermal growth factor
receptor (EGFR) antibody cetuximab that shows no efficacy as a
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Fig. 1 Schematic overview of designed Albu-LiTE constructs. The
bispecific LiTE molecule (49 kDa) containing an anti-EGFR nanobody (green)
linked to anti-CD3 scFv (blue). HSA (red) and point mutationed variants
(yellow dots) with different affinities for human FcRn were genetically fused
with the LiTE and expressed as a single polypeptide (108 kDa).
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monotherapy in BRAF-mutated colorectal cancer?. This may be
mitigated using a bispecific anti-EGFR x anti-CD3 utilising the
EGF receptor for induction of T-cell-mediated cell killing>. A
recent example of this strategy is the bispecific “light” T-cell
engager (LiTE) antibody comprised of an anti-EGFR nanobody
fused with an anti-CD3 scFv that exhibits T-cell-induced killing
of EGFR-positive cancer cells26.

Here we report on a molecular concept where LiTE is geneti-
cally fused to HSA variants engineered with different human
FcRn affinity for programmable PK. Proof-of-concept is provided
in a human FcRn and human albumin double transgenic mouse
model (AlbuMus)2’ with bispecific anti-EGFR x anti-CD3 LiTE
fusions (Albu-LiTE) engineered for null (Albu-LiTE-NB), wild-
type (Albu-LiTE-WT) or high (Albu-LiTE-HB) FcRn binding
(Fig. 1). Furthermore, in a novel AlbuMus RAGI knockout model
(AlbuMus RAGI KO) bearing EGFR-positive BRAF mutated
tumours, we demonstrate superior anti-tumour effects after a
single dose of the Albu-LiTE construct compared to a conven-
tional Fc-less LiTE format and a full-length anti-EGFR mono-
clonal antibody.

Results

The Albu-LiTE vector constructs were designed based on a pre-
viously described anti-EGFR x anti-CD3 bispecific antibody2® and
genetically fused to the N-terminus of WT HSA or variants
mutated for null binding (NB) or increased FcRn binding (HB).
Transient transfection of HEK293E cells cultured in serum-free
media yielded secreted proteins which were efficiently purified on
an anti-albumin affinity column. Obtained Albu-LiTE proteins
were analysed by Coomassie staining and Western blotting
(Supplementary Fig. 1), and showed high purity and expected
molecular weights with only minor amount of unfused albumin
present after purification. Analytical size exclusion chromato-
graphy was run to further validate the size and monomeric state
of the fusion proteins (Supplementary Fig. 2).

Purified Albu-LiTE constructs were tested for binding to
human FcRn at pH 5.5 using Bio-Layer Interferometry. The
samples were compared to unfused WT recombinant HSA, a null
binding HSA variant (NB) and a high affinity HSA variant (HB).
The Albu-LiTE-WT and Albu-LiTE-HB constructs gave a good
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Fig. 2 Kinetic measurements and cellular recycling. Sensorgrams showing binding of serial dilutions of protein to immobilised human FcRn at pH 5.5.
a Binding curves for wild type human serum albumin (Albumin WT). b Binding curves for Albu-LiTE-WT. ¢ Binding curves for high-binding HSA (Albumin
HB). d Binding curves for Albu-LiTE-HB. The sensorgrams were fitted to a 1:1 model shown in red lines. e Bio-Layer Interferometry binding profile showing
binding between FcRn and albumin at pH 5.5 mimicking the pH of late endosomes and at physiological pH 7.4. f Variant-dependent detection of
recombinant albumin in supernatant from human FcRn expressing cells incubated with null binding HSA variant (triangle), WT HSA (square) and HB HSA
variant (circle). g Variant-dependent detection of Albu-LiTE fusion protein in supernatant from cells incubated with Albu-LiTE-NB construct (triangle),
Albu-LITE-WT construct (square) and Albu-LiTE-HB construct (circle). Statistical analysis was made in GraphPad prism v.8 using a Mann-Whitney U-test,

*p < 0.05.

Table 1 Human FcRn binding affinities for recombinant human serum albumin (HSA) variants and Albu-LiTE constructs.

Construct Kp (M) kon (1/Ms) kgis (1/5) R2 1:1 fit 22 11 fit
NB HSA - - - n.s. -
Albu-LiTE-NB - - - n.s. -

WT HSA 7.5E-07 1.3E4+04 9.7E-03 0.995 0.029
Albu-LiTE-WT 1.1E-08 4.1E+04 4.7E-04 0.993 0.161
HB HSA 5.8E-09 4.0E+04 2.3E-04 0.999 0.058
Albu-LiTE-HB 2.9E-09 3.6E+04 1.0E-04 0.999 0.073

Measured binding affinities (Kp, kon and ki) for HSA and Albu-LiTE constructs with y2 and R for the fits are shown for each construct. Binding affinities could not be determined for the Null binding (NB)
HSA and Albu-LiTE-NB construct due to low binding responses and lack of fit in a 1:1 binding model, n.s. non-significant.

fit to a 1:1 binding model, comparable to the unfused WT and HB
HSA variant (Fig. 2a-d). The NB construct resulted in a weak
signal that could not be fitted, while the LiTE molecule resulted in
a weak unspecific binding to FcRn at low pH which was also
observed for the Albu-LiTE-NB; however, neither could be fitted
with a 1:1 binding model (Supplementary Fig. 3). The sensorgram
data showed a clear pH-dependent binding between the HSA
component and human FcRn, with binding to the receptor at pH
5.5 and release after transfer to pH 7.4 (Fig. 2e). The estimated
affinities after curve fitting indicated some influence from the
bispecific fusion protein, but a clear difference between albumin
sequences were still noticeable (Table 1).

To demonstrate human FcRn-mediated rescue from intracel-
lular degradation by recycling in a cellular system, we utilised a
recently established recycling assay!®28 where we compared the
unfused HSA variants with that of the Albu-LiTE counterparts
(Fig. 2f, g).

The results showed that the fusion design allowed the albumin
to engage cellular expressed human FcRn and was recycled,
thereby avoiding intracellular degradation. For the unfused HSA
variants, 5-fold more of the HB was released back into the

medium compared with the WT, while the NB was not rescued.
The same trend was measured for the Albu-LiTE constructs,
despite that more of the constructs were detected in the medium,
possibly due to anti-EGFR nanobody in the LiTE construct
binding to EGFR on the cell surface of the HMEC-1 cells (Sup-
plementary Fig. 4). Increased recycling was comparable with that
measured for the unfused HSA variant counterparts (Fig. 2f, g).

To study the PK of the constructs in the double transgene
(hFcRnt/t, hAIbt/+) AlbuMus model, the designed proteins
were i.v. injected into the tail vein and blood samples drawn for
analysis using an established ELISA that specifically capture the
N-terminal nanobody and detects the C-terminal HSA for Albu-
LiTE constructs or the C-terminal His-tag for the LiTE. Samples
from each group (N=7) were measured in triplicates and ana-
lysed using a two-phase decay model (Fig. 3).

The LiTE was rapidly cleared and not detectable beyond 24 h.
When fused to HSA engineered for lack of human FcRn (Albu-
LiTE-NB), the half-life was extended and detected up to 168 h
that likely reflects increased molecular size. Further extended
half-life was measured for Albu-LiTE-WT and Albu-LiTE-HB
due to human FcRn-driven cellular recycling. The 8 half-lives
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Fig. 3 Pharmacokinetic analysis of LiTE and Albu-LiTE constructs in the AlbuMus model. Protein was i.v. injected in 4 groups of mice (N =7 per group)
and blood samples were drawn at 8 time points. Full size construct was detected in serum by ELISA. The 4 half-life and the R? of the fit to the curve for each
construct are listed for LiITE (triangle), Albu-LiTE-NB (diamond), Albu-LITE-WT (square) and Albu-LiTE-HB (circle). Data was analysed with Graphpad
prism v.8 using two-phase decay for calculating the molecular half-life (T, #) and statistical differences between the constructs, detected in serum over
time using a two-way ANOVA with multiple comparisons and Tukey's post hoc correction. **p < 0.01. Error bars represent standard deviations.

a b

A“
|
|

(1]

3T3 EGFR Jurkat

LiTE

Relative cell number
4

Albu-LITE-WT

Albu-LITE-HB Albu-LiTE-NB

10° 10 10° 10° 107 0 10° 10 10° 10° 107 0 10° 10¢ 10° 10° 107
Log fluorescence intensity —M M

<9

Fig. 4 Cell target binding properties of Albu-LiTE constructs. Flow
cytometry analyses showing target-specific binding with 5 ug ml™ of the
LiTE (102 nM) and Albu-LiTE constructs (46 nM). The LiTE was detected
by a C-terminal His-tag directed antibody, while the Albu-LiTE variants
were detected using an anti-human serum albumin antibody. a No shift in
fluorescence intensity was observed for the double-negative 3T3 cell line,
whereas, shifts in fluorescence intensities were seen in b and ¢. b EGFR
positive/CD3 negative 3T3 EGFR cells. ¢ CD3 positive/ EGFR negative
Jurkat T-cells. Isotype control antibody was used for background intensity
detection.

derived demonstrated the longest half-life for Albu-LiTE-HB (t,,
37.2 h), which was more than 60-fold longer than that of LiTE (t,,
0.59 h), and 2-fold longer than that of the NB-containing LiTE
variant (f,, 18.68 h). Compared to the Albu-LiTE-WT, the HB
construct engineered with improved human FcRn resulted in
more than 11 h longer half-life.

Binding of designed Albu-LiTE constructs to EGFR and CD3
was confirmed by flow cytometry using double-negative 3T3 cells,
3T3 EGFR and CD3 expressing Jurkat cell lines (Supplementary
Fig. 5). A clear shift in fluorescent intensities was seen for all
constructs validating that both the anti-EGFR and anti-CD3
fragments of the LiTE were active with no unspecific binding
observed for the double-negative 3T3 cell line (Fig. 4). Notably,
the shift in fluorescent intensities was not identical between the
conventional LiTE and the Albu-LiTE constructs possibly due to
the different detection antibodies and the concentrations used.

To investigate the EGFR-specific T-cell engagement, Jurkat
T-cells were incubated with either EGFR positive (3T3 EGFR) or
negative cells (3T3) along with increasing concentrations of the
three Albu-LiTE constructs or the LiTE (Fig. 5a). Activation of
the Jurkat T-cells was monitored by upregulation of CD69
expression by flow cytometry. The results showed a strong T-cell
activation dependent on the concentration of protein constructs
and EGFR expression on target cells.

Further validation of T-cell activation was demonstrated by
secretion of IL-2 in the conditioned media (Fig. 5b). Similar
results to the CD69 upregulation were observed, with increasing
IL-2 levels that correlated with increased concentration of LiTE
and Albu-LiTE in the samples, but only when EGFR-expressing
cells were present. This supports specific and concentration-
dependent activation of Jurkat T-cells by LiTE and Albu-LiTE
constructs.

Three different cancer cell lines A431, HT-29 and MCF-7 were
evaluated for EGFR expression by flow cytometry and found to be
high, medium and low EGFR expressing cells, respectively
(Supplementary Fig. 6). The effect of EGFR expression on
antibody-mediated T-cell cytotoxicity was investigated using an
LDH endpoint assay using freshly isolated human PBMCs as
effector cells (Fig. 6a—c).

The killing of tumour cells was EGFR-specific and did not
occur in the absence of EGFR expression (Supplementary Fig. 7).
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Fig. 5 T-cell activation by LiTE and Albu-LiTE constructs. a An increasing dose of the tested construct (LiTE; triangle, Albu-LiTE-NB; diamond, Albu-LiTE-
WT,; square, Albu-LiTE-HB; circle) was added to Jurkat T-cells co-cultured with either 3T3 (open symbols) or 3T3 EGFR cells (closed symbols). The
expression of CD69 on the T-cells was evaluated by flow cytometry. b Media harvested from the co-cultures were tested for IL-2 secretion in ELISA.
Significant differences were observed for T-cell activation on 3T3 or 3T3 EGFR cells in both experiments. Statistical analysis was made by GraphPad prism
v.8 using two-way ANOVA with multiple comparisons and Tukey's post hoc correction, **p < 0.01. Error bars represent standard deviations.

Conventional Fc-less LiTE and fusion Albu-LiTE-HB construct-
mediated redirected lysis of high and medium EGFR expressing
cells with similar potency, however, for the EGFR low MCF-7 a
reduced potency was seen of the Albu-LiTE-HB construct
(Fig. 6a—c). The mean concentrations for half-maximal lysis
(EC50) with MCF7 low EGFR expressing cells were 0.63 nM for
LiTE and 31.5nM for Albu-LiTE-HB. To closer examine this
result, a real-time cytotoxicity assay using the xCelligence plat-
form was performed with HT-29 (EGFR medium) cells, MCF7
(EGFR low) cells (Fig. 6d-g) and CHO (EGFR negative) cells
(Supplementary Fig. 7). The data confirmed the stronger dose-
dependent profile of the Albu-LiTE fusion protein compared to
the LiTE molecule. The effect between LiTE and Albu-LiTE-HB
could reflect the contribution of the albumin component on
immune synapse formation between the T-cells and the target cell
lines, as the formation of this very narrow interface could be
affected by the larger size of the Albu-LiTE-HB construct
including the albumin. The data indicates that albumin con-
taining Albu-LiTE-HB was more dependent on the expression
level of EGFR on the target cell, possibly due to less efficient
formation of immune synapse.

LiTE and Albu-LiTE constructs were tested for efficacy in a
C57BL/6 RAGI KO animal model. The knockout of RAGI results
in a mouse model devoid of T and B lymphocytes. The HT-29
colorectal cancer cell line, which has previously been shown to be
resistant to EGFR signalling blockade by cetuximab, due to a
downstream mutation in BRAF?%, was used to avoid therapeutic
effect of cetuximab by EGFR blockade. This BRAF mutation also
counters any therapeutic effect from the EgAl anti-EGFR com-
ponent in the LiTE that also blocks EGFR signalling and tumour
growth?®. This setup was used to exclude any effect of EGFR
blockade on the outcome, and to show the broad applicability of
the EGFR-bispecific strategy. The HT-29 cells were inoculated
along with human PBMC effector cells at the start of the
experiment. Multiple dosing (8 doses) with protein drugs in the
model showed superior tumour growth retardation with the LiTE
and Albu-LiTE-HB compared to the cetuximab group (Supple-
mentary Fig. 8).

To fully investigate the efficacy of the albumin fusion con-
structs we used a new immunocompromised AlbuMus RAGI KO
model introduced in this work. The absence of T and B-cells in
the strain was validated by flow cytometry of freshly isolated
splenic and thymic cells (Supplementary Fig. 9). Growth of the
human HT-29 colorectal cancer cell line was evaluated after
subcutaneous inoculation in AlbuMus RAGI KO and compared
to the C57BL/6 RAGI KO strain (Supplementary Fig. 10). All
animals were shown to be susceptible to tumour growth with

comparable growth curves between the mouse strains that pro-
motes the application of the new mouse for efficacy studies. Drug
efficacy after a single intraperitoneal injection was evaluated in
the AlbuMus RAGI KO mice. The results showed greater tumour
growth retardation of the tumours for the Albu-LiTE-HB fusion
compared to the cetuximab and LiTE groups (Fig. 7a). With the
single time-point dosing there was no significant effect of the
LiTE compared to the cetuximab group, while Albu-LiTE-HB had
a significant lower average tumour size at termination of the
experiment. ELISA determination of serum levels showed LiTE
was rapidly cleared from the blood while Albu-LiTE-HB and
cetuximab were clearly detectable in serum samples at all time
points (Fig. 7b).

Discussion

Controlled T-cell redirection is a potential lethal weapon against
cancer but comes with the cost of non-specific overstimulation of
the immune system observed with bispecific T-cell engager
therapies>*8. Circumvention by removal or silencing of the Fc
fragment are the standard strategies employed in all ongoing
clinical trials with anti-CD3 bispecific antibody constructs?.
Removal of the Fc, however, comes at the expense of short half-
life and requirement for frequent dosing. Inclusion of an
albumin-binding nanobody in drug constructs is a promising
strategy that has shown encouraging half-life extension
results!>17, Recently, investigations into the possible control of
drug pharmacokinetics has also been pursued using a pH-
sensitive nanobody’, with a decreased albumin affinity at acidic
endosomal pH. However, only decreased half-life extension was
reported compared to other albumin-binding nanobodies.
Although inclusion of an albumin-binding domain is promising,
it does not allow for the engineering of specific traits into the
albumin, as it is dependent on the characteristics of endogenous
albumin. Furthermore, the binding is susceptible to competition
from endogenous and exogenous ligands3!.

Bispecific fusion to wild type HSA has previously been shown
to increase the half-life of a bispecific single-chain diabody 2%
fold in wild-type mice?, although, no target engagement or
efficacy data was presented in the work. Discovery of human
albumin variants engineered with a set of different FcRn affi-
nities?0 translatable to modulation of PK?3, offers a tool-set to
programme the PK of drugs based on the albumin sequence built
into the drug design. This approach has been applied to BiTE-like
molecules in this work and validated in a physiologically relevant
AlbuMus model?’. Furthermore, the introduction of a first
immunocompromised version of the AlbuMus allows accurate
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Fig. 6 Lactate dehydrogenase (LDH) and real-time cytotoxicity assays of bispecific T-cell-activated cell killing. The effect of increasing concentration of
the LiTE (triangle) versus the Albu-LiTE-HB (circle) construct was evaluated using an LDH endpoint assay (a-c). a T-cell-mediated cell killing of high EGFR
expressing A431 cells with increasing protein concentrations. b T-cell-mediated cell killing of intermediate EGFR expressing HT-29 cells with increasing
protein concentrations. ¢ T-cell-mediated cell killing of low EGFR expressing MCF7 cells with increasing protein concentrations. For real-time assessment
of cell killing, target cells were grown for 25 h and LiTE or Albu-LITE-HB (108 M; red line, 102 M; blue line or 1010 M; purple line) were added together
with human peripheral blood mononuclear cells (PBMCs) and the cell index measured every 10 min to monitor cell density (d-g). d Effect on MCF7 EGFR
low cell density mixed with PBMCs and various concentrations of LiTE from 24 h after addition compared to the negative control (O M; black line). e Effect
on HT-29 EGFR intermediate cell density mixed with PBMCs and various concentrations of LiTE from 24 h after addition compared to the negative control
(0 M; black line). f Effect on MCF7 EGFR low cell density mixed with PBMCs and various concentrations of Albu-LITE from 24 h after addition to the

negative control (O M; black line). g Effect on HT-29 EGFR intermediate cell density with various concentrations of Albu-LITE-HB from 24 h after addition
compared to the negative control (O M; black line). Statistical analysis was made in GraphPad prism using two-way ANOVA, **p < 0.005, ****p < 0.0001.

Error bars represent standard deviations.

anti-tumour investigations of an anti-EGFR x anti-CD3 bispecific
albumin fusion in BRAF-mutated tumours non-respondent to
standard anti-EGFR monoclonal therapies.

An Fc-less bispecific T-cell engager LiTE was produced alone,
or in fusion to HSA variants (Albu-LiTE-WT, Albu-LiTE-NB or
Albu-LiTE-HB) (Supplementary Figs. 1 and 2). Despite a small
background signal from the LiTE molecule at pH 5.5 with FcRn
in BLI, the expected effect of engineering the different HSA
variants into the bispecific design was exhibited (Fig. 2, Supple-
mentary Fig. 3). The three Albu-LiTE constructs exhibited
expected FcRn binding and FcRn-driven in vitro cellular recycling
characteristics (Fig. 2 and Table 1). Previous work from our
group has shown that the level of in vitro FcRn-engagement
correlates with circulatory half-life of a N-terminal fusion of
protein fragments to HSA variants?2. In the present work,
we investigated the circulatory half-life of the bispecific HSA
constructs in an hFcRnt/t, hAIbt/t AlbuMus model?’.

The endogenous HSA pool is crucial for detecting the full effect of
altered FcRn engagement on the PK of HSA designs as it avoids
the competition from endogenous mouse albumin that exhibits
higher affinity for mouse and human FcRn33. The data revealed
rapid clearance of the Fc-less LiTE molecule (t, =0.59 h) that
was undetectable in blood samples taken 48 h post injection. The
circulatory half-life of Albu-LiTE constructs was programmable
by the HSA sequence built into the design demonstrated by an
incremental increase that corresponded to FcRn affinity. The
Albu-LiTE-NB showed shortest half-life (t,, = 18.68 h), but still
considerably elevated above unfused LiTE that most likely reflects
reduction in renal clearance due to increase in molecular weight
of the construct (Fig. 3). The Albu-LiTE-WT and Albu-LiTE-HB
were detectable at 9 days post injection with the Albu-LiTE-HB
showing superior half-life extension compared to wild type (t,, =
37.20h and 25.90 h, respectively). This half-life extension tech-
nology offers longer-lasting effects with less frequent dose
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Fig. 7 Growth inhibition of HT-29 tumours in AlbuMus RAG7 KO mice and serum detection of protein drugs. a HT-29 cells mixed with human PBMCs
were inoculated subcutaneously in immunocompromised AlbuMus RAGT KO mice. Animals were divided into three groups (N =6) and injected with
cetuximab, LiTE or Albu-LiTE-HB at day O. Tumour growth was monitored and measured by calliper every 3-4 days. A two-way ANOVA with Holm-Sidak
post hoc analysis was used to compare tumour volume between the three groups. Time points where the Albu-Lite-HB tumour group is comparably
smaller have been marked *p < 0.01, #p < 0.05. Error bars represent SEM. b Blood samples were drawn at the 9 time points (1h, 4 h, 24 h, 48 h, 72 h, 144 h,
216 h, 312 h, 384 h). Full size construct was detected in serum by sandwich ELISA. The LiTE molecule was not detectable in samples drawn after 24 h. The
highest concentration in the serum was seen in the 4-hour sample that were set as To. Statistical differences between the constructs, detected in serum
over time, were analysed using a two-way ANOVA with multiple comparisons and Tukey's post hoc correction, ****p < 0.0001, ***p = 0.001. Error bars
represent standard deviations. All statistical analyses were made in GraphPad prism v. 8.

requirements and concomitant lower side-effects and better
patient compliance than conventional Fc-less bispecific formats.
The ability to program the half-life of molecules by the albumin
sequences has great potential for improving the therapeutic
window of highly potent and hard-to-control drugs like T-cell
engaging bispecific antibodies. The complicated nature and cross-
species differences make it difficult to fully predict human
response to drugs based on surrogate animal models; the pro-
grammable half-life platform introduced in this work may pro-
vide an additional level of control to obtain maximum efficacy
with minimal adverse effects when moving into clinical trials.
In situ binding of cellular antigens was shown by flow cytometry
for all Albu-LiTE constructs (Fig. 4). All constructs initiated spe-
cific T-cell activation in vitro in the presence of EGFR-positive
target cells, but not the EGFR-negative counterpart, shown by the
upregulation of CD69 and IL-2 secretion (Fig. 5a, b). The results
indicate that the unfused LiTE was more potent to elicit T-cell
activation than the Albu-LiTE fusions. This was further investi-
gated using an LDH endpoint cytotoxicity assay on cancer cell
lines displaying a varying degree of EGFR expression (Fig. 6a—c
and Supplementary Fig. 6). A more potent T-cell-mediated cell
killing from the LiTE compared to Albu-LiTE-HB was shown.
Previous reports have shown T-cell-mediated cytotoxicity is highly
sensitive to even small changes on the immune synapse formation
by bispecific T-cell engagers>+3> and it is likely that albumin could
cause interference in the efficiency of immune synapse formation
or signalling®2, although its potential impact on the functionality of
binding domains also cannot be ruled out. The results, however,
suggest much stronger selective cytotoxicity based on EGFR
expression levels with the Albu-LiTE-HB, which was further cor-
roborated by real-time measurements of drug-induced T-cell-
mediated cell killing (Fig. 6d-g). Correlation between induction of
T-cell cytotoxicity by anti-CD3 bispecific T-cell engagers and
increased expression level of antigens on target cells has previously
been shown and associated with epitope location and the size of
the extracellular domain of the targeted tumour-associated
antigen®»3°. Our data suggests that Albu-LiTE-HB can dis-
criminate between cells with different levels of antigen expression,
potentially providing a strategy for targeting antigens that are
highly expressed by cancer cells but have lower expression in
normal tissues, such as EGFR. Such discrimination in cell killing
may lead to reduction in on-target off-tumour toxicity in healthy
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tissue displaying lower levels of the target antigen, leading to an
increased therapeutic window similar to affinity tuning explored
for CAR-T cells*’. Initial screening of the in vivo activity of the
LiTE and Albu-LiTE-HB was investigated in an immunodeficient
C57BL/6 RAGI knockout mouse model inoculated with a 2:1
mixture of HT-29 cells and human PBMCs using multiple (8) drug
doses to compensate for the short half-life of the unfused LiTE
(Supplementary Fig. 8). Anti-tumour efficacy was compared to the
anti-EGFR antibody cetuximab to exclude any EGFR blockade
effects on tumour growth inhibition>> and determine the ability of
a bispecific format to inhibit BRAF-mutated tumours by EGFR-
specific T-cell activation. Tumour growth was significantly inhib-
ited in both the LiTE and Albu-LiTE-HB cohorts compared to the
cetuximab cohort. In order to observe the true effect of albumin
half-life extension on tumour growth we have developed the first
immunodeficient version of the AlbuMus model. This was per-
formed by CRISPR/Cas9 knockout of the RAGI gene resulting in
the absence of CD3* T-cells and CD19" B-cells (Supplementary
Fig. 9) in a model with the appropriate hFcRnt/+, hAIbH/+
phenotype. This strain was susceptible to human HT-29 tumour
growth comparable to the isogenic C57BL/6 RAGI KO strain
(Supplementary Fig. 10) that allowed efficacy studies to be per-
formed. This AlbuMus RAGI KO may in the future become the
gold-standard animal model for evaluation of oncology drugs
fused to HSA or any oncology drugs that interact with the endo-
genous albumin pool. A single dosing regime was employed to
exemplify the benefit of increased half-life of the albumin fusion
on efficacy and the presence of injected protein was detected in
serum samples (Fig. 7b). Tumour growth inhibition was markedly
greater for the half-life extended Albu-LiTE-HB compared to the
LiTE molecule following a single dose (Fig. 7a) in spite of the
higher potency shown with the LiTE in vitro shown with the HT-
29 cells in the real-time cytotoxicity assay (Fig. 6e, g). Detection of
Albu-LiTE-HB in the serum throughout the experiment indicates
that the advantage over LiTE is coupled to enhanced circulation
time, and the lack of efficacy in the cetuximab group further
indicates the effect to be due to EGFR-specific T-cell activation.
The fading of the observed initial growth inhibition is likely due to
the lack of additional T-cell co-stimulation, the limited lifespan of
the co-inoculated PBMCs and the absence of T-cell influx into the
developing tumours, as would normally occur in an immuno-
competent host. While T-cell redirection by bispecific antibodies
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has proven extremely potent, it has also been reported that this
initial stimulation over time leads to an exhausted phenotype in
the T-cell population causing the anti-tumour effect to subside.
Critical co-stimulation of T-cells or blockade of checkpoint inhi-
bitor signalling by antibodies as a combinatorial treatment may
prove to be crucial to get a complete and lasting response. Bene-
ficial inhibition of the PD-1/PD-L1 axis in combination with CD3
containing bispecific antibodies has been shown for leukaemia3¢-38
and multiple myeloma3* and will undoubtedly play a similar role
for solid tumours.

Albumin exhibits wide tissue distribution3® and passive
tumour accumulation?? with albumin drugs reported to enter by
receptor-mediated processes in a caveolae-dependent manner!.
Recent work from our laboratory has identified FcRn over-
expression in human cancer and higher tumour accumulation in
mice of an FcRn high-binding recombinant albumin variant#?
promoting adoption for targeted albumin-drug fusion designs.
Furthermore, the ability of endogenous albumin to disseminate
into the lymph system has been exploited for T-cell stimulation in
tumour-associated lymph nodes*3#4. This suggests that BiTE-like
albumin fusions could be used to target primary and dis-
seminated disease and should be the focus of future work.

In this work we have engineered a panel of BiTE-like albumin
fusions with extended circulatory half-life programmed by the
FcRn affinity of the albumin sequence that exhibit improved anti-
tumour effects in a beyond state-of-the-art animal model. An
approach that could offer optimised therapeutic effects of BiTE-
like drugs without the requirement for frequent dosing and with a
lower risk of adverse events arising from Fc interactions with the
immune system.

Methods

Cell lines and culture conditions. HEK293E (ATCC, CRL-10852) and Jurkat cells
(ATCC, TIB-152) were cultured in RPMI media (Gibco, #61870-010) supplemented
with 10% fetal bovine serum (FBS) (Sigma, #10500-064) and 1% PenStrep (Sigma,
#15140-122). HT-29 colorectal cancer cells (ATCC, HTB-38) were grown in
McCoys 5 A basal media (Gibco) with 10% FBS and 1% PenStrep. A431 epidermoid
carcinoma cells (ATCC, CRL-1555) were grown in DMEM (Gibco, #41966-029)
with 10% FBS and 1% PenStrep. MCF?7 breast adenocarcinoma cells (ATCC, HTB-
22) were grown in DMEM (Gibco) with 10% FBS and 1% PenStrep. CHO Chinese
hamster ovary cells (ATCC, CCL-61) were grown in DMEM with 10% FBS and 1%
PenStrep. 3T3 and 3T3-EGEFR cells lines were cultured in DMEM media with 10%
FBS and 1% PenStrep as previously described?0. HMEC1-FcRn cells (previously
generated in collaboration with Novozymes)!8 were cultured in MCDB131 medium
(Thermo Fisher Scientific, #10372019) supplemented with 10% FBS, 2 mM L-glu-
tamine, 10 ng ml~! human EGF (Peprotech), 1 ngml~! fibroblast growth factor
(Peprotech), 50 pgml~! gentamicin (Sigma, #G1397) and 0.25 ug ml~! Fungizone
(FisherScientific, #15290018). All cell lines were cultured in humidified atmosphere
at 37°C with 5% CO,.

cDNA design and construction of expression vectors. The LiTE2® cDNA con-
struct was synthesised (Genscript) with unique restriction sites between each
protein domain i.e. the EgA1 nanobody, the OKT3 scFv and subcloned into vectors
containing wild-type HSA and variants with high FcRn binding affinity (HB) or
removed FcRn binding affinity (NB)#. The vectors further contained CMV
enhancer and promoter supporting expression in HEK293E cells. For the LiTE
protein a C-terminal His-tag was included for purification and detection purposes;
this was omitted in the Albu-LiTE fusion to avoid interference with FcRn binding.

Protein expression and purification. HSA fusion proteins were produced by
transient transfection of HEK293E cells. Transfected cells were grown in serum-
free 293Freestyle media (Gibco, #12338018). Secreted protein was purified from
supernatant using CaptureSelect Human albumin affinity matrix (ThermoFisher,
#191297005) by elution with 2 M MgCl,, pH 7.4. Purified protein was concentrated
and buffer exchanged into PBS by Vivaspin2 centrifugal concentrators (Sartorius).
The bispecific LiTE protein was expressed and purified by Nickel-NTA followed by
protein A affinity chromatography, as described elsewhere?®. For size exclusion
chromatography the protein sample in 100 mM Tris-Hcl pH 7.4 was run using a
Yarra™ 1.8 um SEC-X150 column (Phenomenex) on a Dionex Ultimate 3000 HPLC
(ThermoFisher Scientific) with a flowrate of 0.1 mL per minute. A protein standard
ranging from 670 kDa to 0.244 kDa (Phenomenex) was run with the same settings
and overlaid for comparison.

SDS-PAGE and Western blot analysis. Samples were separated on a 10% SDS-
PAGE gel and stained by Coomassie brilliant blue or blotted onto a PVDF
membrane. Membranes were blocked in 2% w/v skim milk powder dissolved in
PBS (mPBS) and incubated for 4 h with horseradish peroxidase (HRP)-conjugated
polyclonal sheep anti-HSA (Abcam, #ab8941) diluted 1:2000 in 2% mPBS and
washed 4 times in PBS, before developing with TMB substrate (Sigma, #T0565)
for membranes.

FcRn-binding kinetics using Bio-Layer Interferometry. Binding kinetics of
human FcRn for purified Albu-LiTE constructs was measured by Bio-Layer
Interferometry (BLI) on an Octet Red96e system (ForteBio/Molecular Devices).
Recombinant HSA variants without fusion protein corresponding to WT, no or
high FcRn affinity were used as controls*. Briefly, biotinylated soluble human-
FcRn (Immunitrack, # ITF02) was immobilised on streptavidin-coated biosensors
(ForteBio/Molecular Devices) in PBS pH 7.4 supplemented with 0.01% Tween-20
at a 8.75nM concentration. For kinetic characterisation, a 7-step two-fold dilution
series starting at 3 uM was prepared in 25 mM Na-acetate, 25 mM NaH,PO,, 150
mM NaCl and 0.01% Tween-20 at pH 5.5. Binding kinetics was performed at 30 °C
with a 300 s association phase and 600 s dissociation phase. The sensors were
regenerated in PBS pH 7.4 supplemented with 0.01% Tween-20 and equilibrated in
25 mM Na-acetate, 25 mM NaH,PO,, 150 mM NaCl and 0.01% Tween-20 pH 5.5
between samples. All data were referenced with FcRn-streptavidin sensors in buffer
without analyte. Data analysis was performed using the Octet data analysis soft-
ware ver. 10.0 (ForteBio/Molecular Devices) using curve fitting to a 1:1 model for
estimation of kinetic parameters.

FcRn cellular recycling assay. Cellular recycling assay was performed as described
by Schimdt et al.!8. Briefly, HMEC-1 cells, engineered to stably overexpress hFcRn
(HMEC-1-FcRn), were seeded 1 x 107 cells per well in 48 well plates coated with
GelTrex (ThermoFisher, # A1413201). Cells were grown to confluency before
experimental use. Cells were washed twice in prewarmed PBS followed by the
addition of 0.15 uM Albu-LiTE construct or HSA control (300 ul per well) in
Hanks balanced salt solution pre-adjusted to pH 6.0 by 1 M MES bulffer. After a 1-
hour incubation at 37 °C, 5% CO,, the cells were washed 5 times in ice-cold PBS.
Then 160 pl per well complete medium without FBS was added and cells were
incubated for 1h to allow recycling and release of internalised protein, super-
natants were collected and analysed by sandwich ELISA.

For sandwich ELISA, Maxisorp plates were coated overnight at 4 °C with a
polyclonal goat anti-HSA antibody (Sigma, # A-7544) diluted 1:1000 in PBS for the
unfused HSAs or with monoclonal rabbit anti-camelid VHH antibody (Genscript,
# A01860) diluted 1:1000 in PBS for the Albu-LiTE fusion proteins. Coated plates
were blocked for 1h with 2% casein blocking buffer (Sigma, #C7594-1L) before
washing with PBS + 0.05% Tween and loading of the construct samples and
albumin standard. Samples were incubated for 1h followed by washing and
incubation with an HRP-conjugated secondary polyclonal sheep anti-HSA
antibody (Abcam, #ab8941). All samples were run in triplicates. Data was analysed
on GraphPad Prism v. 8 using Mann-Whitney test.

Validation of cellular antigen recognition by flow cytometry. For each sample,
1 x 106 Jurkat, 3T3, 3T3 EGFR, A431, HT-29, MCF7 or CHO cells were washed in
ice-cold assay buffer (PBS + 1% FBS) and incubated on ice with 5 ugml~! of LiTE
(102 nM), Albu-LiTE construct (46 nM), recombinant HSA (75 nM) (Sigma,
#A6608), human anti-EGFR cetuximab (33 nM) (MerckSerono, # 090232), mouse
anti-human CD3¢-FITC (33 nM) (ImmunoTools, # 21850033) or anti-mouse
IgG2a isotype control FITC (33 nM) (ImmunoTools, #21225023) in 100 pl assay
buffer for 1h. Cells were pelleted by centrifugation and washed in ice-cold assay
buffer. Secondary antibodies, anti-rabbit Alexa488 (Invitrogen, #A11034) and anti-
human IgG Alexa488 (Invitrogen, #A11013) were added to appropriate samples
and incubated on ice for 30 min. Unfused LiTE construct was detected by mouse
anti-His antibody (Sigma, #A7058) followed by anti-mouse Alexa488 (Invitrogen, #
A32723). Albu-LiTE constructs were detected by rabbit anti-HSA antibody
(ThermoFisher, # MA5-29022) followed by anti-rabbit Alexa488 (Invitrogen, #
A32731) secondary antibody. Cells were pelleted by centrifugation and washed in
ice-cold assay buffer. All samples were resuspended in 7-ADD (Invitrogen,
#A1310) diluted 1:100 in assay buffer for live/dead staining. Samples were run on a
Novocyte flow cytometer (ACEA Biosc Inc.) using 488 and 561 nm excitation and
530/30 and 660/20 filter sets. Data was analysed using FlowJo version 10 software
(Flow]Jo, LLC).

T-cell activation and CD69 upregulation. Target cells and effector Jurkat cells
were seeded into Nunc™ 96-well plates (Nunc, # 168136) at an effector to target cell
(E:T) ratio of 5:1. The 3T3 cell line was used as negative control while EGFR-
expressing 3T3 EGER stable transfected cells were used as the positive control.
Antibody test samples diluted in assay media (supplemented RPMI-1640 Glutamax
medium; Gibco, # 41966-029) were added into appropriate wells. After an over-
night co-culture period at 37°C, the plates were centrifuged and cell supernatants
were collected for ELISA analysis. The effector cells were harvested and stained
with anti-CD69 FITC antibody, diluted 1:100 (Biolegend, #104506), and anti-HLA
class I APC antibody, diluted 1:100 (Biolegend, # 311410) for 30 min at 4°C. Cells
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were washed twice in PBS + 1% FBS and resuspended in 200 pL of 7-AAD viability
dye diluted 1:200 (Invitrogen, #A1310). Samples were run on a Novocyte flow
cytometer (ACEA Biosc Inc.). Data was analysed using FlowJo version 10 software
(FlowJo, LLC).

ELISA detection of human Interleukin-2 secretion. Detection of secreted human
Interleukin 2 (hIL-2) was made by a hIL-2 kit (Diaclone, # 950.010.096) according
to company protocol. Briefly, Maxisorp 96-well plates (Nunc, cat# 442404) were
coated with 100 uL of capture antibody and incubated overnight at 4°C. The wells
were washed twice with wash buffer (PBS 4 0.05% Tween20). 100 uL of blocking
buffer (PBS 4 5% BSA) was added to the wells and incubated for 2 h at room
temperature (RT). 100 pL of IL-2 standards and cell supernatant harvested from T-
cell activation assay were added into appropriate wells followed by addition of 50
pL of biotinylated detection antibody. After 1-hour incubation at RT, washing was
performed and 100 uL of Streptavidin-HRP was added and incubated at RT for 30
min. All wells were washed 4 times and 100 puL of TMB-substrate was added.
Samples were incubated in the dark for 5-15 min at RT. 100 pL of 1 M sulfuric acid
was added to quench the reaction. Absorbance was measured at 450 nm (630 nm as
reference wavelength) on a Clariostar plate reader (BMG Labtech). Data was
analysed in GraphPad Prism v. 8.

PBMC isolation from whole blood. Human blood sample was collected from a
healthy donor in EDTA-coated Vacutainer tubes (Becton Dickson, #367525).
Blood sample was diluted 1:1 with PBS. Equal volume of diluted blood was care-
fully layered over Ficoll-Paque PLUS solution (GE Healthcare, #17144002) in a 50
mL Falcon tube. The tubes were centrifuged with acceleration and brakes turned
off, at 400 g 20 °C for 30 min. The upper layer of the resulting gradient containing
plasma and platelets was removed using a sterile pipette. The buffy coat containing
the peripheral blood mononuclear cells (PBMCs) was carefully isolated using a
pipette. The PBMCs were treated with ACK lysing buffer (Gibco, #A1049201) to
remove any red blood cells. The final PBMCs were washed in PBS and resuspended
in assay medium.

Lactate dehydrogenase (LDH) cellular toxicity assay. Target cells were seeded
overnight into Nunc™ 96-well plates (Nunc, #161093). A431, HT-29 and MCF7
cells lines, which express the targeted antigen EGFR, were used as positive cell lines
while a CHO cell line was used as a negative control cell line. After 24 h of
incubation, antibody test samples diluted in assay media (supplemented RPMI-
1640 Glutamax medium; Gibco, # 32404-014) and freshly isolated effector cells
PBMC (E:T = 5:1) were added into appropriate wells. After 48 h of co-culture, a
final concentration of 1% Triton X-100 (Sigma-Aldrich, #T8787) solution was
added into high control wells to obtain maximal cell lysis. Target cells incubated
with effector PBMC only were used as the low control. The plates were centrifuged
and cell supernatants were collected for cytotoxicity analysis using the LDH
cytotoxicity detection kit (Takarabio, #MK401) following the manufacturer’s
protocol. 100 uL of cell supernatant was added to 100 pL of reaction mixture, which
was prepared according to the manual and incubated for 10-15 min at RT.
Absorbance was measured at 492 nm (600 nm as reference wavelength) on a
Clariostar plate reader (BMG Labtech). Data was analysed in GraphPad Prism v. 8.
Cytotoxicity was calculated following the equation, Cytotoxicity (%) = ((Experi-
ment value — Low control) / (High control — Low control)lx 100.

Cellular toxicity using xCELLigence® Real-time Cell Analysis (RTCA). Real-
time cytotoxic effects of the antibody constructs on cancer cell lines were studied
using the xCELLigencem RTCA instrument (ACEA Biosc Inc.) at 37°C and 5% CO,.
50 uL of cell culture media (supplemented RPMI-1640 Glutamax medium; Gibco, #
41966-029) was added to all wells on the E-plate 16 plates (ACEA Biosc Inc., #
5469830001) and a short baseline measurement was recorded by the instrument
using the RTCA Software 1.0. Target cell lines were then seeded on the E-plates
and measurements were recorded every 10 min for 24 h. 50 pL of antibody diluted
in cell culture media and 50 uL of freshly isolated effector PBMCs (E:T = 5) were
added to appropriate wells and measurements were recorded every 10 min for 96 h.
Cell index (CI) values obtained were normalised to the CI values recorded after 24
h of incubation. Data was plotted and analysed using GraphPad Prism v. 8.
Cytotoxicity was calculated following the equation: Cytotoxicity (%) = ((Experi-
ment value — Low control) / (Low control — 1)) x 100, where low control consisted
of target cells incubated with effector PBMC only without antibody constructs.

Animal models. All animal experiments were performed at the Animal Facility,
Department of Biomedicine, Aarhus University, under the Danish Animal
Experiment Inspectorate license #2018-15-0201-01399 and with ethical approval in
accordance with the national guidelines for care and use of laboratory animals. For
tumour xenografts a tumour volume of 1200 mm? was set as the humane endpoint.

Pharmacokinetic studies were performed in male and female double transgenic
human FcRn (hFcRnt/*)/human serum albumin (hAIb™ /) “AlbuMus” with a
C57BL/6 background?”.

For tumour growth studies the C57BL/6 with a RAGI knockout-RAGItm1Mom/y
(The Jackson Laboratory, # B6.129S7) was used for comparing standard tumour
growth of HT-29 to an AlbuMus RAGI KO strain. AlbuMus RAGI-edited founder

mice were generated by genOway (Lyon, France). A guide RNA (5 CATGGC
AGAATTCCGTCGGG 3') was designed to specifically cut into RAGI exon 2.
Premature STOP codons were inserted thanks to the use of a ssODN
oligonucleotide. The CRISPR sgRNA was then microinjected into fertilised oocytes
obtained from C57Bl/6 homozygous double humanised FcRn/albumin mouse line
(genOway proprietary model?’). DNA from new-born mice was then isolated and
characterised by PCR amplification to assess RAGI exon-2 sequence. Three
founders were identified and bred to obtain heterozygous animals. Both the
C57BL/6 RAGI KO and the AlbuMus RAGI KO strains were used for drug efficacy
investigations.

Pharmacokinetics study. For studying the PK, seven randomly mixed male and
female AlbuMus were allocated for each experimental protein group and five to the
PBS control group. Mice were injected i.v. through the tail vein with 2 mgkg™!
drug or PBS. Blood samples were collected in 20 pl heparinized micro capillary
tubes (Marienfeld, #2911110) at 1 min, 1h, 4h, 24h, 48 h, 96 h, 168 h and 216 h.
The first blood samples were taken from sub-lingual blood and the subsequent
samples from the tail vein. Samples were diluted in PBS, spun down and serum
fractions were stored for later construct detection by sandwich ELISA.

For ELISA, Maxisorp plates were coated overnight at 4 °C with monoclonal
rabbit anti-camelid Vi antibody (Genscript, #A01860) diluted 1:1000 in PBS.
Coated plates were washed once in PBS and blocked for 4 h with 2% mPBS.
Blocking buffer was removed, samples diluted in PBS and dilution series of known
concentrations were added and incubated overnight at 4 °C. The wells were washed
once in PBS 4+ 0.05% Tween-20 and 3 times in PBS, 200 ul per well. Sheep anti-
HSA antibody (Abcam, #ab8941) diluted 1:2000 in 2% mPBS was incubated 4 h at
RT. For detection of the LiTE construct anti-polyHistidine peroxidase antibody was
used 1:1000 diluted in 2% mPBS. The wells were washed 4 times in PBS and
developed using TMB PLUS2 (Kem-En-Tec Diagnostics, #4395). Samples were
prepared in triplicate. Data was analysed in the Graphpad Prism software v.8 by a
two-phase decay model after interpolation to standard series.

HT-29 colorectal cancer cell growth in mouse models. C57BL/6 RAGI KO
(N =6) and AlbuMus RAGI KO (N = 17) animals were used at 8 weeks of age. For
each animal 3 x 10 HT-29 cells were mixed 1:1 v/v with LDEV-free extracellular
matrix protein Geltrex (Gibco, # A1413201) and inoculated by subcutaneous
injection in the right flank. Tumours were measured by calliper every 3-4 days and
tumour volume was calculated based on the formula Volume = /(6 x L x W)?2
and geometrical means of normalised and averaged volumes were plotted.
Mann-Whitney U-test did not show significant difference between the curves
p>0.9999. Statistics were made using Graphpad prism v. 8.

Tumour growth inhibition in C57BL/6 RAGT KO mice and AlbuMus RAG1 KO.
For the drug multiple dosing experiment, 6 female C57BL/6 RAGI KO were
allocated to each of the groups, cetuximab, LiTE or Albu-LiTE-HB, respectively.
Each animal was inoculated by subcutaneous injection of 2 x 106 HT-29 cells
mixed with 1 x 10° freshly isolated human PBMCs, cells were mixed 1:1v/v with
LDEV-free extracellular matrix protein Geltrex (Gibco, # A1413201) and inocu-
lated in the right flank under anaesthesia. Proteins were intraperitoneally injected
with 5.0 mgkg~! cetuximab (833 pmol per animal), 1.0 mgkg~! Albu-LiTE-HB
(230 pmol per animal) or 0.5 mgkg~! LiTE (230 pmol per animal). Animals were
dosed a total of 8 times with the first dose at the time of inoculation and another 7
times each time tumours were measured. Tumours were measured by calliper every
3-4 days and tumour volume was calculated based on the formula Volume = n/
(6 x L x W2).

For the single drug administration experiment, male and female AlbuMus
RAGI KO were used with N = 6 for each treatment group except for PBS treatment
N = 3. Each animal was inoculated by subcutaneous injection of 1 x 106 HT-29
cells mixed with 2 x 109 freshly isolated human PBMCs, cells were mixed 1:1v/v
with LDEV-free extracellular matrix protein Geltrex and inoculated in the right
flank under anaesthesia. Proteins were injected intraperitoneally at the time of
inoculation with 20 mg kg~! cetuximab (3.33 nmol per animal), 2.2 mgkg~! Albu-
LiTE construct (500 pmol per animal) or 1.0 mgkg~! LiTE (500 pmol per animal).
Tumours were measured by calliper every 3-4 days and tumour volume was
calculated based on the formula Volume = /(6 x L x W?2).

Proteins were detected in blood samples taken from the tail vein in 20 pl
Heparin coated capillaries at the time of tumour inoculation and at an additional 8
time points (4, 24, 48, 72, 144, 216, 312 and 384 h). Blood samples were analysed in
ELISA for protein drug content, as described above.

Statistics and reproducibility. All data were analysed using GraphPad Prism 8
Software. The specific type of statistical analysis utilised is indicated in the corre-
sponding figure legends. The differences between the groups were evaluated by
various statistical tests, which are defined in the methods section and in individual
figure legends. Exact p-values are indicated in figures. A minimum value of p < 0.05
was considered to be statistically significant. All in vitro experiments were repeated
at least two times to ensure reproducibility.
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Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
All data are available from the corresponding author upon reasonable request. Source data
underlying graphs and charts presented figures can be found in Supplementary Data 1.

Received: 26 August 2020; Accepted: 1 February 2021;
Published online: 08 March 2021

References

1.

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Siegel, R. L., Miller, K. D. & Jemal, A. Cancer statistics, 2020. CA Cancer J.
Clin. 70, 7-30, https://doi.org/10.3322/caac.21590 (2020).

Labrijn, A. F.,, Janmaat, M. L., Reichert, J. M. & Parren, P. Bispecific
antibodies: a mechanistic review of the pipeline. Nat. Rev. Drug Discov. 18,
585-608 (2019).

Bargou, R. et al. Tumor regression in cancer patients by very low doses of a T
cell-engaging antibody. Science 321, 974-977 (2008).

Topp, M. S. et al. Safety and activity of blinatumomab for adult patients with
relapsed or refractory B-precursor acute lymphoblastic leukaemia: a
multicentre, single-arm, phase 2 study. Lancet Oncol. 16, 57-66 (2015).
Chatenoud, L. et al. In vivo cell activation following OKT3 administration.
Systemic cytokine release and modulation by corticosteroids. Transplantation
49, 697-702 (1990).

Chatenoud, L. et al. Systemic reaction to the anti-T-cell monoclonal-antibody
Okt3 in relation to serum levels of tumor necrosis factor and interferon-alpha.
N. Engl. J. Med. 320, 1420-1421 (1989).

Borlak, J., Langer, F., Spanel, R,, Schondorfer, G. & Dittrich, C. Immune-
mediated liver injury of the cancer therapeutic antibody catumaxomab targeting
EpCAM, CD3 and Fcgamma receptors. Oncotarget 7, 28059-28074 (2016).
Teachey, D. T. et al. Cytokine release syndrome after blinatumomab treatment
related to abnormal macrophage activation and ameliorated with cytokine-
directed therapy. Blood 121, 5154-5157 (2013).

Lee, D. W. et al. Current concepts in the diagnosis and management of
cytokine release syndrome. Blood 124, 188-195 (2014).

Martinelli, G. et al. Complete hematologic and molecular response in adult
patients with relapsed/refractory philadelphia chromosome-positive B-
precursor acute lymphoblastic leukemia following treatment with
blinatumomab: results from a phase I, single-arm, multicenter study. J. Clin.
Oncol. 35, 1795-+ (2017).

Vafa, O. et al. An engineered Fc variant of an IgG eliminates all immune
effector functions via structural perturbations. Methods 65, 114-126 (2014).
Schlothauer, T. et al. Novel human IgG1 and IgG4 Fc-engineered antibodies
with completely abolished immune effector functions. Protein Eng. Des. Sel.
29, 457-466 (2016).

Dennis, M. S. et al. Albumin binding as a general strategy for improving the
pharmacokinetics of proteins. J. Biol. Chem. 277, 35035-35043 (2002).
Dennis, M. S. et al. Imaging tumors with an albumin-binding Fab, a novel
tumor-targeting agent. Cancer Res. 67, 254-261 (2007).

Tijink, B. M. et al. Improved tumor targeting of anti-epidermal growth factor
receptor nanobodies through albumin binding: taking advantage of modular
nanobody technology. Mol. Cancer Ther. 7, 2288-2297 (2008).

Andersen, J. T. et al. Extending half-life by indirect targeting of the neonatal
Fc receptor (FcRn) using a minimal albumin binding domain. J. Biol. Chem.
286, 5234-5241 (2011).

Hoefman, S., Ottevaere, I, Baumeister, J. & Sargentini-Maier, M. L. Pre-
clinical intravenous serum pharmacokinetics of albumin binding and non-
half-life extended nanobodies (R). Antibodies 4, 141-156 (2015).

Schmidt, E. G. W. et al. Direct demonstration of a neonatal Fc receptor
(FcRn)-driven endosomal sorting pathway for cellular recycling of albumin. J.
Biol. Chem. 292, 13312-13322 (2017).

Roopenian, D. C. & Akilesh, S. FcRn: the neonatal Fc receptor comes of age.
Nat. Rev. Immunol. 7, 715-725 (2007).

Andersen, J. T. et al. Structure-based mutagenesis reveals the albumin-binding
site of the neonatal Fc receptor. Nat. Commun. 3, ARTN 610 https://doi.org/
10.1038/ncomms1607 (2012).

Schmidt, M. M. et al. Crystal structure of an HSA/FcRn complex reveals
recycling by competitive mimicry of HSA ligands at a pH-dependent
hydrophobic interface. Structure 21, 1966-1978 (2013).

Larsen, M. T. et al. Cellular recycling-driven in vivo half-life extension using
recombinant albumin fusions tuned for neonatal Fc receptor (FcRn)
engagement. J. Control Release 287, 132-141 (2018).

Andersen, J. T. et al. Extending serum half-life of albumin by engineering
neonatal Fc receptor (FcRn) binding. J. Biol. Chem. 289, 13492-13502 (2014).

24. Karapetis, C. S. et al. K-ras mutations and benefit from cetuximab in advanced
colorectal cancer. N. Engl. J. Med. 359, 1757-1765 (2008).

25. Lutterbuese, R. et al. T cell-engaging BiTE antibodies specific for EGFR
potently eliminate KRAS- and BRAF-mutated colorectal cancer cells. Proc.
Natl Acad. Sci. USA 107, 12605-12610 (2010).

26. Molgaard, K. et al. Bispecific light T-cell engagers for gene-based
immunotherapy of epidermal growth factor receptor (EGFR)-positive
malignancies. Cancer Immunol. Immunother. 67, 1251-1260 (2018).

27. Viuff, D. et al. Generation of a double transgenic humanized neonatal Fc
receptor (FcRn)/albumin mouse to study the pharmacokinetics of albumin-
linked drugs. J. Control Release 223, 22-30 (2016).

28. Grevys, A. et al. A human endothelial cell-based recycling assay for screening
of FcRn targeted molecules. Nat. Commun. 9, ARTN 621 https://doi.org/
10.1038/541467-018-03061-x (2018).

29. Schmitz, K. R., Bagchi, A., Roovers, R. C., Henegouwen, P. M. P. V. E. &
Ferguson, K. M. Structural evaluation of EGFR inhibition mechanisms for
nanobodies/VHH domains. Structure 21, 1214-1224 (2013).

30. van Faassen, H. et al. Serum albumin-binding VH Hs with variable pH
sensitivities enable tailored half-life extension of biologics. FASEB J. 34,
8155-8171 (2020).

31. Pilati, D. & Howard, K. A. Albumin-based drug designs for pharmacokinetic
modulation. Expert Opin. Drug Metab. Toxicol. 16, 783-795 (2020).

32. Muller, D. et al. Improved pharmacokinetics of recombinant bispecific
antibody molecules by fusion to human serum albumin. J. Biol. Chem. 282,
12650-12660 (2007).

33. Andersen, J. T. et al. Single-chain variable fragment albumin fusions bind the
neonatal Fc receptor (FcRn) in a species-dependent manner: implications for
in vivo half-life evaluation of albumin fusion therapeutics. J. Biol. Chem. 288,
24277-24285 (2013).

34. Li, J. et al. Membrane-proximal epitope facilitates efficient T cell synapse
formation by anti-FcRH5/CD3 and is a requirement for myeloma cell killing.
Cancer Cell 31, 383-395 (2017).

35. Qi, J. et al. Potent and selective antitumor activity of a T cell-engaging
bispecific antibody targeting a membrane-proximal epitope of ROR1. Proc.
Natl Acad. Sci. USA 115, E5467-E5476 (2018).

36. Krupka, C. et al. Blockade of the PD-1/PD-L1 axis augments lysis of AML cells
by the CD33/CD3 BiTE antibody construct AMG 330: reversing a T-cell-
induced immune escape mechanism. Leukemia 30, 484-491 (2016).

37. Liu, X. et al. Affinity-tuned ErbB2 or EGFR chimeric antigen receptor T cells
exhibit an increased therapeutic index against tumors in mice. Cancer Res. 75,
3596-3607 (2015).

38. Feucht, J. et al. T-cell responses against CD19+ pediatric acute lymphoblastic
leukemia mediated by bispecific T-cell engager (BiTE) are regulated contrarily
by PD-L1 and CD80/CD86 on leukemic blasts. Oncotarget 7, 76902-76919
(2016).

39. Peters, T. All About Albumin: Biochemistry, Genetics, and Medical
Applications (Academic Press, 1996).

40. Matsumura, Y. & Maeda, H. A new concept for macromolecular therapeutics
in cancer chemotherapy: mechanism of tumoritropic accumulation of proteins
and the antitumor agent smancs. Cancer Res. 46, 6387-6392 (1986).

41. Desai, N. et al. Increased antitumor activity, intratumor paclitaxel
concentrations, and endothelial cell transport of cremophor-free, albumin-
bound paclitaxel, ABI-007, compared with cremophor-based paclitaxel. Clin.
Cancer Res. 12, 1317-—1324 (2006).

42. Larsen, M. T. et al. FcRn overexpression in human cancer drives albumin
recycling and cell growth; a mechanistic basis for exploitation in targeted
albumin-drug designs. J. Control Release https://doi.org/10.1016/j.
jeonrel.2020.03.004 (2020).

43. Liu, H. et al. Structure-based programming of lymph-node targeting in
molecular vaccines. Nature 507, 519-522 (2014).

44. Ma, L. et al. Enhanced CAR-T cell activity against solid tumors by vaccine
boosting through the chimeric receptor. Science 365, 162-168 (2019).

45. Bern, M. et al. An engineered human albumin enhances half-life and
transmucosal delivery when fused to protein-based biologics. Sci. Transl. Med.
https://doi.org/10.1126/scitranslmed.abb0580 (2020).

Acknowledgements

This work was supported by the Novo Nordisk Foundation, CEMBID (Center for
Multifunctional Biomolecular Drug Design), Grant Number: NNF170C0028070, and the
Spanish Ministry of Economy and Competitiveness (SAF2017-89437-P).

Author contributions

0.AM, S.CO,NFED.H,].T.A, LA.V.and K.A.H. contributed to conception and design of
experiments. O.A.M., S.C.O,, S.L., AD. NED.H. and LR]J. prepared samples and acquired
data. 0.A.M,, S.C.O,, SL,NFD.H, LRJ. and KA H. analysed and interpreted data. O.A.M.
and K.A.H. wrote the manuscript. ].T.A,, L.A.V. and K.A.H. supervised the study.

COMMUNICATIONS BIOLOGY | (2021)4:310 | https://doi.org/10.1038/s42003-021-01790-2 | www.nature.com/commsbio


https://doi.org/10.3322/caac.21590
https://doi.org/10.1038/ncomms1607
https://doi.org/10.1038/ncomms1607
https://doi.org/10.1038/s41467-018-03061-x
https://doi.org/10.1038/s41467-018-03061-x
https://doi.org/10.1016/j.jconrel.2020.03.004
https://doi.org/10.1016/j.jconrel.2020.03.004
https://doi.org/10.1126/scitranslmed.abb0580
www.nature.com/commsbio

COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/s42003-021-01790-2

ARTICLE

Competing interests

The authors declare the following competing interests: J.T.A. is a co-inventor on pending
patent applications, which are entitled ‘Human Albumin Variants and uses thereof and
relate to the engineered human albumin variant described in this paper. The other
authors declare no competing interests.

Additional information

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/542003-021-01790-2.

Correspondence and requests for materials should be addressed to K.A.H.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
32

Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2021

COMMUNICATIONS BIOLOGY | (2021)4:310 | https://doi.org/10.1038/s42003-021-01790-2 | www.nature.com/commsbio 1


https://doi.org/10.1038/s42003-021-01790-2
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/commsbio
www.nature.com/commsbio

	Programmable half-life and anti-tumour effects of bispecific T-cell engager-albumin fusions with tuned FcRn affinity
	Results
	Discussion
	Methods
	Cell lines and culture conditions
	cDNA design and construction of expression vectors
	Protein expression and purification
	SDS-PAGE and Western blot analysis
	FcRn-binding kinetics using Bio-Layer Interferometry
	FcRn cellular recycling assay
	Validation of cellular antigen recognition by flow cytometry
	T-cell activation and CD69 upregulation
	ELISA detection of human Interleukin-2 secretion
	PBMC isolation from whole blood
	Lactate dehydrogenase (LDH) cellular toxicity assay
	Cellular toxicity using xCELLigence® Real-time Cell Analysis (RTCA)
	Animal models
	Pharmacokinetics study
	HT-29 colorectal cancer cell growth in mouse models
	Tumour growth inhibition in C57BL/6 RAG1 KO mice and AlbuMus RAG1 KO
	Statistics and reproducibility

	Reporting summary
	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




