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SUMMARY

Costimulation of tumor-infiltrating T lymphocytes by anti-4-1BB monoclonal anti-
bodies (mAbs) has shown anti-tumor activity in human trials, but can be associ-
ated with significant off-tumor toxicities involving FcgR interactions. Here, we
introduce albumin-fused mouse and human bispecific antibodies with clinically
favorable pharmacokinetics designed to confine 4-1BB costimulation to the tu-
mor microenvironment. These Fc-free 4-1BB agonists consist of an EGFR-specific
VHH antibody, a 4-1BB-specific scFv, and a human albumin sequence engineered
for high FcRn binding connected in tandem (LiTCo-Albu). We demonstrate
in vitro cognate target engagement, EGFR-specific costimulatory activity, and
FcRn-driven cellular recycling similar to non-fused FcRn high-binding albumin.
The mouse LiTCo-Albu exhibited a prolonged circulatory half-life and in vivo tu-
mor inhibition, with no indication of 4-1BBmAb-associated toxicity. Furthermore,
we show a greater therapeutic effect when used in combination with PD-1-block-
ing mAbs. These findings demonstrate the feasibility of tumor-specific LiTCo-
Albu antibodies for safe and effective costimulatory strategies in cancer
immunotherapy.

INTRODUCTION

The development of cancer immunotherapy marks a milestone in the history of cancer therapy (Couzin-

Frankel, 2013). One approach to enhance T cell-mediated anti-tumor immune responses relies on the

monoclonal antibody (mAb)-blockade of inhibitory checkpoint receptors, such as cytotoxic T lympho-

cyte-associated protein 4 (CTLA-4) and the programmed cell death-1 (PD-1) receptor and its ligands, [pro-

grammed death-ligand 1 (PD-L1) and PD-L2 (Baumeister et al., 2016). A strategy that has resulted in

outstanding efficacy in several cancer types, with tolerable toxicity profiles. The overall response rate, how-

ever, remains around 30% (Baumeister et al., 2016). Another approach involves the stimulation of costimu-

latory checkpoint receptors such as 4-1BB [also known as tumor necrosis factor receptor superfamily mem-

ber 9 (TNFRSF9) or CD137)] (Melero et al., 2007). 4-1BB has only one known ligand [4-1BB-ligand (4-1BBL),

TNFSF9], which is expressed on activated professional antigen-presenting cells (APCs), such as dendritic

cells, macrophages, and activated B cells (Chester et al., 2018). When 4-1BB is bound by its natural ligand

or an agonist mAb, it promotes the activation and proliferation of T cells, induction of cytolytic effector

functions, and cell survival. Furthermore, 4-1BB costimulation on natural killer cells enhances cytokine

release, and antibody-dependent cellular cytotoxicity (Kohrt et al., 2012; Wilcox et al., 2002). In preclinical

studies, first-generation full-length 4-1BB agonistic mAbs have shown efficacy in several transplantable

mouse tumors (Melero et al., 1997). However, off-tumor toxicities have been the major impediment to

the clinical development of anti-4-1BB-agonistic IgGs, with several studies suggesting that toxicity is likely

dependent on further crosslinking provided by Fc-Fc gamma receptor (FcgR) interactions (Compte et al.,

2018; Li and Ravetch, 2013; Xu et al., 2003). The anti-human 4-1BB human IgG4 urelumab (BMS-663513)

showed clinical activity, but caused serious liver toxicity and was implicated in two patient deaths (Compte

et al., 2018, 2021).
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New strategies aiming to confine 4-1BB costimulation to the tumor microenvironment and avoid FcgR in-

teractions are under clinical development (Claus et al., 2019; Compte et al., 2018, 2021; Hinner et al., 2019;

Kamata-Sakurai et al., 2021; Mikkelsen et al., 2019). These approaches are based on bispecific molecules,

targeting 4-1BB as well as tumor cells or tumor stromal cells (Claus et al., 2019; Compte et al., 2018, 2021;

Hinner et al., 2019; Kamata-Sakurai et al., 2021), designed without Fc regions or with either engineered

effector-silent Fc regions (Claus et al., 2019; Hinner et al., 2019) (Compte et al., 2018, 2021). Specific muta-

tions introduced into the Fc region of antibodies can abrogate binding to FcɣRs with retained engagement

with the neonatal Fc-receptor (FcRn) required for the long circulatory half-life of immunoglobulin G (IgG).

An Fc silencing approach is complicated, however, by possible residual binding affinity by the ‘‘silenced’’ Fc

regions owing to the existence of multiple FcɣRs (Vafa et al., 2014) and immunogenicity of the mutated Fc

regions (Schlothauer et al., 2016). A fully synthetic constrained bicyclic peptide with bivalent 4-1BB binding

and monovalent Nectin-4 binding, and a trispecific antibody constructed using single-chain variable frag-

ments (scFv) against PD-L1, 4-1BB and human serum albumin (HSA) fusion are two Fc-free tumor target-

dependent 4-1BB agonists shown to exhibit significant anti-tumor activity without liver toxicity. HSA has

a circulatory half-life of �19 days predominantly facilitated by a FcRn-driven endosomal cellular recycling

pathway (Schmidt et al., 2017) but without the FcɣR and C1q binding associated with Fc fragments (Carson

et al., 2014). The inclusion of the anti-HSA scFv in the trivalent design facilitates non-covalently association

with the endogenous albumin pool, resulting in a plasma half-life of up to 2 weeks in non-human primates

(Warmuth et al., 2021) compared to 2.3 h in mice for the bicyclic design (Hurov et al., 2021).

The inclusion of albumin-binding single-domain antibodies (sdAb) is a widely used half-life extension strat-

egy (Hoefman et al., 2015), and Vobarilizumab (ALX-0061) a bispecific anti-IL-6 receptor (IL-6R) x anti-HAS

tandem sdAb has reached phase IIb clinical trial (ClinicalTrials.gov). Non-covalent albumin binding, how-

ever, is susceptible to competition and displacement by endogenous ligands and other albumin binding

drugs. Furthermore, drug-binding sites may overlap with the main FcRn binding interface in albumin

domain III (Pilati and Howard, 2020). In contrast, the genetic fusion of drugs to recombinant HSA offers

the opportunity to control and fine-tune the half-life of fusions by the inclusion of albumin sequences en-

gineered with different FcRn binding affinities. Furthermore, drug fusion at HSA N-terminal located in

domain I distant from the main binding interface preserves optimal FcRn engagement. Inspection of the

binding interface of albumin with FcRn has allowed the design of recombinant variants with different

FcRn affinities by single-point amino acid mutations (Andersen et al., 2012) that have been subsequently

used to tune the pharmacokinetic (PK) profile (Andersen et al., 2014). Recently, we generated bispecific

light T cell engagers (LiTEs) genetically fused to engineered HSA variants with different FcRn affinities to

achieve programmable PK properties (Mandrup et al., 2021).

Here, we have generated a novel class of small-sized human and mouse tumor-specific 4-1BB-agonists

coined light T cell costimulatory (LiTCo) antibodies composed of an anti-epidermal growth factor receptor

(EGFR)-blocking single-domain VHH and a 4-1BB-specific single-chain variable fragment (scFv) connected

by a flexible peptide linker. Genetic fusion of a human albumin sequence engineered for high FcRn binding

is used as a strategy to facilitate an extended plasma half-life (LiTCo-Albu). Both molecules showed potent

costimulatory activity in vitro and showed tumor inhibition in vivo, with no indication of the 4-1BB mAb-

associated toxicity. Furthermore, the combination of an EGFR-specific LiTCo-Albu with an immune check-

point blocker (ICB) mAb resulted in a greater therapeutic effect.
RESULTS

Generation of tumor-targeted human light T cell costimulatory antibodies

In this study, we generated a small (z47 kDa) human bispecific costimulatory antibody termed human

LiTCo (hLiTCo, light T cell costimulatory) by fusing the anti-EGFR (human/mouse) EGa1 VHH (Compte

et al., 2020) to the N-terminal end of the anti-human 4-1BB SAP3.28 scFv (VH-VL orientation) (Compte

et al., 2021) with a flexible GGGGS linker (Figures 1, S1A, and S1B). The hLiTCo-Albu was generated by ge-

netic fusion of the hLiTCo to the N terminus of an albumin sequence with high binding to human FcRn

(AlbuminHB) (Figures 1, S1C, and S1D) used previously by ourselves in an Albu-LiTE construct (Mandrup

et al., 2021). Both hLiTCo and hLiTCo-Albu were efficiently secreted by human HEK293 cells, and in West-

ern blot analysis under reducing conditions exhibited a migration pattern consistent with the molecular

weights calculated from the amino acid sequences (Figure S2A). ELISA demonstrated that both antibodies

specifically bound plastic-immobilized human EGFR (hEGFR) and human 4-1BB (h4-1BB) detected with

anti-FLAG (hLiTCo and hLiTCo-Albu) or anti-HSA antibodies (hLiTCo-Albu) (Figures S2B and S2C). Both
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Figure 1. Schematic representation of EGFR-

targeted human light T cell costimulatory (LiTCo)

antibodies

The LiTCo molecule (48 kDa) comprises an anti-EGFR

VHH (green) linked to an anti-4-1BB scFv (blue). In the

LiTCo-Albu an engineered albumin variant (light

purple) with enhanced binding ability to human FcRn

(AlbuminHB) was genetically fused to the C-terminal

end of the anti-4-1BB scFv and expressed as a single

polypeptide (110 kDa).
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antibodies were purified from the conditioned medium of transfected HEK293 cells by Strep-Tactin affinity

chromatography yielding >90% pure protein when evaluated by Coomassie staining of reducing SDS-

PAGE (Figure 2A). The purified hLiTCo and hLiTCo-Albu were obtained with yields of approximately

1 mg per liter of culture, and both antibodies were functionally active (Figures S3A and S3B) showing similar

dose-dependent-binding curves against hEGFR and h4-1BB (Figures 2B and 2C). The binding was further

confirmed by flow cytometry showing that both the EGFR- and 4-1BB-specific domains were active with no

unspecific binding observed for the double-negative cell lines used (Figure S4).

Both hLiTCo and hLiTCo-Albu antibodies were evaluated for human FcRn binding at endosomal pH 5.5 us-

ing Bio-Layer Interferometry (BLI). The samples were compared to a non-fused FcRn-high binding recom-

binant AlbuminHB variant counterpart (Bern et al., 2020). The hLiTCo-Albu gave a good fit to a 1:1 binding

model (Table S2), comparable to the non-fused AlbuminHB, while the hLiTCo resulted in no binding to FcRn

at low pH; demonstrating that the observed binding signal is specific to the FcRn-albumin interaction (Fig-

ure 2D). An established cellular recycling assay (Schmidt et al., 2017) was used to compare human FcRn-

driven cellular recycling of non-fused wild-type human albumin (AlbuminWT) and AlbuminHB variants with

that of the hLiTCo-Albu. 5-fold more of the AlbuminHB was released back into the medium for the non-

fused AlbuminHB compared with the AlbuminWT (Figure 2E). This effect was observed for the hLiTCo-

Albu construct, with a higher concentration detected in the medium, possibly owing to anti-EGFR VHH

bound to hEGFR on the cell surface of the HMEC-1 cells (Mandrup et al., 2021) (Figure 2E).

The costimulatory activities of both antibodies were assessed using NFkB-luc2/4-1BB Jurkat reporter cells

(JurkatNFkB) expressing cell surface h4-1BB and a luciferase reporter driven by a NFkB response element.

JurkatNFkB cells were co-cultured with hEGFR-expressing target cells (3T3hEGFR) or EGFR-negative wild-

type 3T3 cells. In the presence of EGFR-mediated LiTCo cross-linking at the target cell surface, both con-

structs showed an approximately 20-fold increase of NFkB luciferase reporter activity at the highest con-

centration used (100 nM) (Figure 2F).
Generation of tumor-targeted mouse light T cell costimulatory antibodies

We replaced the anti-human 4-1BB SAP3.28 scFv with the anti-mouse 4-1BB 1D8 scFv (Compte et al., 2018)

(Figures S1 and 1B) to investigate the anti-tumor effect and toxicity profile in immunocompetent mice. Both

antibodies termed mouse LiTCo (mLiTCo) and mouse LiTCo-Albu (mLiTCo-Albu), were secreted by trans-

fected HEK293 cells, andWestern blot analysis demonstrated that under reducing conditions themigration

patterns were single polypeptide chains with a molecular mass consistent with the calculated from their

amino acid sequences (mLiTCo and mLiTCo-Albu, respectively) (Figure S5A). ELISA analysis demonstrated

that both constructs specifically recognized hEGFR, mouse EGFR (mEGFR), and m4-1BB (Figures S5B and

S5C). The conditioned medium from mLiTCo and mLiTCo-Albu stably transfected HEK293 cells was puri-

fied by Strep-Tactin affinity chromatography with protein yields of approximately 2 mg/L, which were >90%

pure (Figure S6A). Analysis of the purified proteins by SEC shows major monomeric species for both of

them, with no aggregates (Figure S6B). Using a set of globular proteins as molecular weight markers,

the elution volumes of the antibodies yielded molar masses of 35 and 103 kDa for mLiTCo and mLiTCo-

Albu, close to the estimated monomeric masses of 46.5 and 110.5 kDa (Figure S6B). The functionality

and dose-dependence of the purified antibodies against immobilized hEGFR and m4-1BB were confirmed

by ELISA (Figures S7A, S7B, 3A, and 3B), and the ability to detect both antigens when expressed on the cell

surface was validated by flow cytometry (Figure S8). The FcRn-binding of mLiTCo and mLiTCo-Albu at pH

5.5 was investigated by BLI and compared to the corresponding albuminHB variant (Bern et al., 2020). The

BLI binding curves of mLiTCo-Albu fusion were qualitatively and quantitatively similar to the non-fused
iScience 25, 104958, September 16, 2022 3



Figure 2. Functional characterization of hLiTCo and hLiTCo-Albu

Reducing SDS-PAGE of the purified hLiTCo and hLiTCo-Albu. Migration of molecular mass markers is indicated (kDa) (A).

Saturation-binding curves with increasing concentrations of hLiTCo and hLiTCo-Albu against plastic immobilized hEGFR

(B) or h4-1BB (C). Data are presented as mean G SD (n = 3). Significance was calculated by an unpaired Student t test. BLI

sensograms show association (0–300 s) and dissociation (300–900 s) of the respective analytes to immobilized human FcRn

(D). The black line indicates baseline subtracted data while the dashed red line is the fit used to obtain the kinetic

parameters based on a 1:1 binding model. ELISA detection of wild-type albumin (AlbuminWT), high-binding albumin

(AlbuminHB), and hLiTCo-Albu following FcRn-mediated cellular recycling. The data are normalized to AlbuminWT and

represented as mean G SD. Significance was determined by unpaired Student t test. JurkatNFkB cells were co-cultured

with NIH/3T3 or 3T3hEGFR cells in the presence of increasing concentrations of hLiTCo or hLiTCo-Albu, and after 6 h at

37�C luminescence was determined (F). Data were presented as fold induction relative to the values obtained from

unstimulated JurkatNFkB cells. Representative dose-concentration curves are presented and expressed as a mean G SD

(n = 3). Significance was determined by unpaired Student t test.
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albuminHB variant, while the mLiTCo did not exhibit any binding to human FcRn (Figure 3C). The mLiTCo-

Albu was recycled in FcRn-expressing cells at levels similar to those observed with the non-fused albuminHB

variant (Figure 3D).

To study their costimulatory capacity primary mouse CD8a+ T cells were stimulated with anti-mouse CD3

mAb and co-cultured with 3T3 or 3T3hEGFR cells, in the presence of costimulatory antibodies (mLiTCo or

mLiTCo-Albu) in solution. In the presence of 3T3 cells, the mLiTCo-Albu had a costimulatory effect similar

to the IgG used as a control, but IFN-g levels were greatly enhanced when 3T3hEGFR cells were present

(Figure 3E).
4 iScience 25, 104958, September 16, 2022



Figure 3. Characterization of purified mLiTCo and mLiTCo-Albu

Saturation-binding curves with increasing concentrations of mLiTCo and mLiTCo-Albu against plastic immobilized

hEGFR (A) or m4-1BB (B). Data are presented as mean G SD (n = 3). Significance was calculated by an unpaired Student

t test. BLI sensorgrams show association (0–300 s) and dissociation (300–900 s) of the respective analytes to immobilized

human FcRn (C). The black line indicates baseline subtracted data while the dashed red line is the fit used to obtain the

kinetic parameters based on a 1:1 binding model. ELISA detection of wild-type albumin (AlbuminWT), high-binding

albumin (AlbuminHB), and mLiTCo-Albu following FcRn-mediated cellular recycling (D). The data are normalized to

AlbuminWT and represented as mean G SD. Significance was determined by unpaired Student t test. Mouse CD8a+

T cells were plated with anti-CD3 mAb and NIH/3T3 or 3T3hEGFR cells in the presence of mLiTCo, mLiTCo-Albu, or IgG

mAb. IFN-g secretion was determined after 72 h (E). Data are expressed as meanG SD (n = 3). Significance was calculated

by an unpaired Student t test.
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Pharmacokinetics of mouse light T cell costimulatory antibodies

mLiTCo and mLiTCo-Albu showed no significant loss of hEGFR and m4-1BB binding activity after 7 days in

mouse serum at 37�C (Figure S9). Pharmacokinetic studies were performed in immunocompetent mice,

which received a single intravenous (i.v.) injection of both constructs, and the amount of serum-active an-

tibodies was quantified by ELISA. The mLiTCo was rapidly cleared from circulation with a terminal half-life

of 0.17 h, whilst the mLiTCo-Albu showed a prolonged circulatory half-life of 30 h (Figure 4A and Table S3)

that provided the basis for mLiTCo-Albu selection for anti-tumor efficacy studies.

Therapeutic activity and toxicity studies of mouse light T cell costimulatory-Albu

In order to determine the anti-tumor efficacy of mLiTCo-Albu antibody in immune-competent mice, we

used gene-modified CT26 colorectal carcinoma cells expressing hEGFR (CT26hEGFR). When tumors

reached a diameter of 0.3 cm, anti-mouse 4-1BB IgG-based mAb 3H3 or mLiTCo-Albu were administered
iScience 25, 104958, September 16, 2022 5



Figure 4. In vivo studies with mLiTCo-Albu

Pharmacokinetic study after a single intravenous (i.v.) dose (2 mg/kg) of mLiTCo (n = 3) and mLiTCo-Albu (n = 4) in BALB/c mice. Data are shown as mean G

SD (A). Average tumor volume growth of BALB/c mice bearing CT26hEGFR tumors treated with PBS, anti-4-1BB 3H3 mAb, or mLiTCo-Albu. Data are

presented as the meanG SD Significance was determined by one-way ANOVA adjusted by the Bonferroni correction for multiple comparison test (B and C).

Liver weights from mice (mean G SD, n = 5/group) treated with PBS, anti-41BB 3H3 IgG mAb, or mLiTCo-Albu. Significance was determined by unpaired

Student t test. (D). Sera from treated mice were collected from peripheral blood on days 0 and 21 of treatment, and levels of INF-g (E) and IL-6 (F) were

measured by ELISA (mean G SD, n = 3 per time point). Significance was determined by unpaired Student t test. Average tumor volume growth of BALB/c

mice bearing CT26hEGFR tumors treated with PBS, mLiTCo-Albu, or anti-PD1 RMP 1.14 mAb alone or in combination (G and H). Data are presented as the

mean G SD. Significance was determined by one-way ANOVA adjusted by the Bonferroni correction for multiple comparison test.
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(Figure 4B). Both treatments caused a significant delay in tumor growth (p = 0.0002 and p = 0.02, respec-

tively) (Figures 4C and S10). We also studied the toxicity profile of the IgG-based 4-1BB agonist and

mLiTCo-Albu. Treatment with anti-4-1BB IgG resulted in a significant increase in liver weight (p = 0.04) (Fig-

ure 4D), and elevation of INFg and IL-6 in serum (p = 0.001 and p = 0.03, respectively; Figures 4E and 4F)

than PBS-treated mice. In contrast, treatment with mLiTCo-Albu did not result in hepatomegaly (p = 0.04;

Figure 4D), and the levels of inflammatory cytokines were comparable to those found in PBS-treated ani-

mals (Figures 4E and 4F). The therapeutic effect of combining mLiTCo-Albu with an anti-PD-1 blocker mAb

was investigated in the samemousemodel (Figure 4G). BothmLiTCo-Albu and anti-PD-1 IgGmonotherapy

were able to reduce tumor development (p = 0.01 and p = 0.002, respectively; Figure 4H). Moreover, the

combination therapy of anti-PD1mAb plus mLiTCo-Albu was superior to bothmonotherapies and resulted

in an additional decrease in tumor growth (p = 0.0007; Figure 4H), and regression in 4 out of 6 (66%) mice

bearing CT26hEGFR tumors (Figure S11).

DISCUSSION

This work introduces a new generation of small-sized tumor-specific 4-1BB-agonists (LiTCo) that can be

engineered for an extended circulatory half-life by genetic fusion to a human albumin sequence with
6 iScience 25, 104958, September 16, 2022
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high affinity for human FcRn (LiTCo-Albu). Both molecules efficiently bind 4-1BB and EGFR, with the func-

tionality of the anti-4-1BB binding domain not compromised by the C-terminal addition of the albuminHB

sequence in the LiTCo-Albu design. Both hLiTCo and hLiTCo-Albu are strictly dependent on the pres-

ence of EGFR to induce 4-1BB signaling in an h4-1BB-reporting cell line. Moreover, when the study

was conducted under near physiologic conditions using primary mouse CD8+ T cells, the mLiTCo and

mLiTCo-Albu did not provide effective 4-1BB costimulation without additional EGFR-mediated cross-

linking. Previous studies have suggested a function for 4-1BB costimulation in organizing TCR/CD3-

mediated signaling at the immune synapse (Nam et al., 2005), and the size and architecture of this

type of molecule may be well-suited to the context of immunological synapsis (Roda-Navarro and Ál-

varez-Vallina, 2019).

To date, the generation of Fc-free molecules (Compte et al., 2018, 2021) or molecules bearing effector-

silent Fc domains (Claus et al., 2019; Hinner et al., 2019) have been the standard strategies employed in

all ongoing clinical trials. However, it is possible that mutations introduced to engineer silenced Fc re-

gions may compromise antibody stability and immunogenicity (Schlothauer et al., 2016), and do not

completely avoid residual FcɣR binding activities (Vafa et al., 2014). The removal or mutations of the

Fc may result in compromised FcRn engagement and concomitant short circulatory half-life and more

frequent dosing. The inclusion of albumin-binding domains is a promising strategy to utilize the endog-

enous albumin pool (Pilati and Howard, 2020), but it does not allow the engineering of improved traits

into albumin. Moreover, the binding of these domains might be reduced by other endogenous and

exogenous albumin ligands, and without careful design, the binding site may overlap with albumin’s

main FcRn binding interface in domain III (Pilati and Howard, 2020). The generation of engineered

human albumin variants with different FcRn affinities (Andersen et al., 2012), offers a tool-set to modulate

the PK properties of the designer antibodies (Andersen et al., 2014). Moreover, fusion at albumin

N-terminus, in albumin domain I distant from the main binding interface, preserves the binding charac-

teristics of these sequences. This strategy has recently been successfully applied to EGFR-specific T cell

engagers and validated in a physiologically relevant hFcRn+/+, hAlb+/+ model (Mandrup et al., 2021).

The two LiTCo-Albu constructs generated in this study showed similar FcRn binding and FcRn-driven

in vitro cellular recycling characteristics to non-fused albuminHB. The mLiTCo-Albu exhibited an

extended circulatory half-life of 30 h in mice compared to 0.17 h of the mLiTCo. It expected that this

could be further extended using in a model with the appropriate hFcRn+/+, hAlb+/+ phenotype (Viuff

et al., 2016).

LiTCo-Albu possess both active and passive tumor-targeting properties through its interaction with EGFR

(Compte et al., 2018), and albumin receptor-mediated processes in a caveolae-dependent manner (Desai

et al., 2006). Furthermore, FcRn overexpression in tumors and increased accumulation in tumor-bearing

mice of an albumin variant with high affinity to FcRn have recently been documented (Larsen et al.,

2020), supporting possible FcRn-mediated tumor-targeting. The ability of albumin to disseminate through

the lymphatic system has been exploited for T cell activation in tumor-associated locoregional lymph no-

des (Liu et al., 2014; Ma et al., 2019). Colorectal cancer infiltrated lymph nodes showed higher scores of

EGFR staining than control groups (Mokhtari et al., 2012). This suggests that EGFR-targeted LiTCo-Albu

could have the potential in treating primary and disseminated cancers. Here, we show that LiTCo-Albu

monotherapy provided significant anti-tumor activity in immunocompetent mice bearing established

CT26hEGFR tumors. Furthermore, the combination of the EGFR-specific mLiTCo-Albu with an anti-PD-1

blocking antibody further enhanced anti-tumor activity, resulting in complete regression in more than

60% of mice. Importantly, treatment with mLiTCo-Albu did not induce systemic inflammatory cytokine

production or hepatotoxicity typically associated with IgG-based anti-4-1BB agonists. These results

further strengthen the association between immunological abnormalities/organ toxicities and Fc-FcgR

interactions.

In summary, we have engineered Fc-free tumor-specific LiTCo albumin fusions with extended circulatory

half-life provided by the high FcRn affinity of the included albumin sequence. These LiTCo albumin fusions

exhibit improved anti-tumor effects in immunocompetent mice, without the systemic and liver toxicity

associated with first-generation anti-4-1BB agonistic IgG mAbs. These findings are highly relevant for

the development of next-generation immunotherapeutic agents targeting 4-1BB and emphasize the

need for additional studies with tumor-specific human LiTCo-Albu in order to confirm the therapeutic po-

tential of this novel 4-1BB costimulation strategy.
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Limitations of the study

Themain limitation is the absence of suitable humanized animal models that would allow the detailed study

of the therapeutic efficacy and toxicity of the tumor-specific costimulatory molecules generated in this

work.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-FLAG (clone M2) Sigma-Aldrich Cat#F3165 RRID:AB_259529

HRP-conjugated anti-FLAG mAb (clone M2) Abcam Cat# ab49763

RRID:AB_869428

Goat polyclonal anti-mouse IgG Horseradish peroxidase

(HRP)-conjugated

Sigma-Aldrich Cat#A2554 RRID:AB_258008

Goat polyclonal anti-mouse IgG Horseradish peroxidase

(HRP)-conjugated

Jackson ImmunoResearch Cat#115-035-166 RRID:AB_2338511

Sheep polyclonal anti-human serum albumin Horseradish

peroxidase (HRP)-conjugated

Abcam Cat#ab8941 RRID:AB_306876

Goat polyclonal anti-mouse R-Phycoerythrin AffiniPure

F(ab’)₂ Fragment, Fcg fragment specific

Jackson ImmunoReserach Cat#115-116-071 RRID:AB_2338626

Goat anti-Albumin Sigma-Aldrich Cat#A7544 RRID:AB_258350

Armenian Hamster monoclonal anti-mouse CD3ε

(clone 145-2C11)

Immuno-step Cat#MO3PU

RRID:N/A

Mouse monoclonal anti-FLAG Horseradish peroxidase

(HRP)-conjugated (clone M2)

Abcam Cat#ab49763

RRID:AB_869428

Anti-mouse 4-1BB (CD137) IgG (clone 3H3) BioXCell Cat#BE0239 RRID:AB_2687721

Anti-mouse PD-1 (CD279) IgG (clone RMP 1.14) BioXCell Cat#BE0146 RRID:AB_10949053

Chemicals, peptides, and recombinant proteins

Recombinant human EGFR Peprotech Cat#AF-100-15

Recombinant human EGFR Fc Chimera R&D Cat#344-ER

Recombinant mouse EGFR His Tag SinoBiological Cat#51091-M08H

Recombinant human 4-1BB/TNFRSF9 Fc chimera R&D Cat#838-4B

Recombinant mouse 4-1BB/CD137 Fc chimera SinoBiological Cat#50811-M02H

Biotinylated human FcRn Immunitrack Cat#ITF01

Mouse IgG1K Biolegend Cat#401402

FcRn wild-type-binding albumin Sigma-Aldrich Cat#A6608

Streptavidin Sartorius Cat#18-5019

Critical commercial assays

Mouse CD8a+ T cell Isolation Kit Miltenyi Biotec Cat#130-095-236

Murine IFN-g ELISA Set Diaclone Cat#861.050.005

Mouse IL-6 Matched Antibody Pair ELISA Kit Abcam Cat#ab213749

Mycoplasma Gel Detection Kit Biotools Cat#90.021-4542

Promega Bio-Glo� Luciferase Assay System Promega Cat#G7941

Experimental models: Cell lines

Human: HEK293 cells ATCC CRL-1573 RRID:CVCL_0045

Human: HEK293T cells ATCC CRL-11268 RRID:CVCL_1926

Human: HEK293 cells expressing mouse 4-1BB Provided by Prof I. Melero (CIMA,

Pamplona, Spain)

N/A

Mouse: NIH/3T3 cells ATCC CRL-1658 RRID:CVCL_0594

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Mouse: NIH/3T3 expressing human EGFR cells Provided by Dr A. Villalobo (IIBm,

Madrid, Spain)

N/A

Mouse: CT26 cells ATCC CRL-2638 RRID:CVCL_7256

Mouse: CT26 expressing human EGFR cells Pozzi et al., 2016 N/A

HMEC-1 expressing FcRn cells Schmidt et al., 2017 N/A

GloResponseTMNFkB-luc2/4-1BB Jurkat Promega Cat#JA2351

Experimental models: Organisms/strains

Female BALB/cOlaHsd Envigo Cat#162

Oligonucleotides

FwCMV (CGCAAATGGGCGGTAGGCGTG) Thermo Scientific Cat#12744-017

RvBGH (TAGAAGGCACAGTCGAGG) Thermo Scientific Cat#N57502

Recombinant DNA

pCR3.1-FLAG-strepII-EGa1-SAP3.28 This paper N/A

pCR3.1-FLAG-strepII-EGa1-SAP3.28-AlbuminHB This paper N/A

pCR3.1-FLAG-strepII-EGa1-1D8 This paper N/A

pCR3.1-FLAG-strepII-EGa1-1D8-AlbuminHB This paper N/A

Software and algorithms

Studio Lite software Li-Cor https://www.licor.com/bio/image-studio-lite

Prism 8.4.0 GraphPad https://www.graphpad.com

Prism 9.0.0 GraphPad https://www.graphpad.com

FlowJo X FlowJo https://www.flowjo.com/solutions/flowjo

Octet System Data Analysis 10.0.1.6 Sartorius https://www.sartorius.com/en/products/

protein-analysis/octet-bli-detection/octet-

systems-software?utm_source=google&utm_

medium=cpc&utm_campaign=Octet&utm_

term=dynamic_ads&utm_content=

search&gclid=Cj0KCQjwg_iTBhDrARIsAD

3Ib5hnE2-XKJsSC5xWTgg6ZDuPcNbNz6v

tTe1Um6IX4gAcegCc-51llGkaAuRfEALw_wcB
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RESOURCE AVAILABILITY

Lead contact

Further information and reasonable requests for resources and reagents should be directed to the lead

contact, Luis Álvarez-Vallina (lav.imas12@h12o.es).
Materials availability

All reagents used in this study will be made available upon reasonable request to the lead contact, Luis

Álvarez-Vallina (lav.imas12@h12o.es).

Data and code availability

d All data reported in this paper will be shared by the lead contact (lav.imas12@h12o.es) upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact (lav.imas12@h12o.es) upon request.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

Six-weeks female BALB/cOlaHsd (referred as BALB/c) were purchased from Envigo. Animals were housed

in controlled conditions of temperature (21G 1�C), humidity (50G 5%), and 12 h light/dark cycles. Animals

were maintained under specific-pathogen-free condition and sterilized water and food were available ad

libitum. All animal procedures conformed to European Union Directive 86/609/EEC and Recommendation

2007/526/EC, enforced in Spanish law under RD 1201/2005. Animal protocols were performed in strict

adherence to the guidelines stated in the International Guiding Principles for Biomedical Research

Involving Animals, established by the Council for International Organizations of Medical Sciences

(CIOMS) and were approved by the Ethics Committee of Animal Experimentation of the Instituto Investi-

gación Sanitaria Puerta de Hierro-Segovia de Arana (Hospital Universitario Puerta de Hierro Majadahonda,

Madrid, Spain). Procedures were additionally approved by the Animal Welfare Division of the Environ-

mental Affairs Council of the Government of Madrid (076/19).
Cells and culture conditions

HEK293 (CRL-1573), HEK293T (CRL-11268) and NIH/3T3 (CRL-1658) were obtained from American Type

Culture Collection (ATCC) (Rockville, MD, USA). NIH/3T3 cells expressing human EGFR (3T3hEGFR)

were kindly provided by Dr A. Villalobo (IIBm, Madrid, Spain). Mouse CT26 cells (CRL-2638) infected with

p-BABEpuro-hEGFR expressing human EGFR (CT26hEGFR) were provided by Dr M. Rescigno (European

Institute of Oncology, Milan) (Pozzi et al., 2016). Cells were grown in Dulbecco’s modified Eagle’s medium

(DMEM, Gibco) supplemented with 2 mM L-glutamine (Lonza), 10% (v/v) heat inactivated fetal bovine

serum (FBS, Gibco), and antibiotics (100 units/mL penicillin, 100 mg/mL streptomycin) (Pen/Strep, Gibco),

referred as to DMEM complete medium (DCM), at 37�C in 5% CO2 humidity. HEK293 cells expressing

mouse 4-1BB (HEK293m4�1BB) were obtained from Prof I. Melero (CIMA, Pamplona, Spain) and the h4-

1BB expressing HEK293 cell line (HEK239h4�1BB) was previously generated (Compte et al., 2021) and

selected in DCM with 500 mg/mL Geneticin (G418, Gibco). HMEC-1-FcRn (FcRn-transduced human micro-

vascular endothelial cell line-1) cells were previously generated (Schmidt et al., 2017) and grown in MCDB

131 medium (Gibco) with 10 ng/mL human EGFR (Preprotech), 1 mg/mL hydrocortisone (Merck), 50 mg/mL

Geneticin (G418), 0.25 mg/mL Puromycin (Gibco), 2 mM L-glutamine, and with 10% FBS. The cell lines were

routinely screened for mycoplasma contamination by PCR using the Mycoplasma Gel Detection Kit.
METHOD DETAILS

Construction of expression vectors

To generate the human LiTCo (hLiTCo) (FLAG-strepII-EGa1-SAP3.28) construct, the SAP3.28 scFv gene

sequence (Compte et al., 2021) was inserted into the pCR3.1-EGa1 expression vector using NotI/XbaI re-

striction enzymes. FLAG-strepII-EGa1-SAP3.28 DNA sequence was subcloned as AgeI/SnaBI into the vec-

tor containing the high affinity FcRn binding human albumin (AlbuminHB) (Bern et al., 2020), resulting in the

FLAG-strepII-EGa1-SAP3.28-AlbuminHB construct, hereafter referred to as hLiTCo-Albu. A synthetic gene

encoding DNA fragment FLAG-strepII-EGa1 was synthesized by Geneart AG and ligated as HindIII/NotI

into pCR3.1-1D8 expression vector to generate the mouse LiTCo (mLiTCo) (FLAG-strepII-EGa1-1D8)

construct. The mLiTCo-Albu (FLAG-strepII-EGa1-1D8-AlbuminHB) construct was obtained after subclon-

ing the FLAG-strepII-EGa1-1D8 sequence as AgeI/SnaBI into the aforementioned HB expression vector

(Bern et al., 2020). All the sequences were verified using primers FwCMV and RvBGH (Table S1).
Expression, purification and characterization of recombinant antibodies

HEK293 cells were transfected with the appropriate expression vectors using Lipofectamine 3000 reagent

(Invitrogen) and selected in DCM containing 500 mg/mL Geneticin (G418) to generate stable cell lines

HEK293-hLiTCo, HEK293-hLiTCo-Albu, HEK293-mLiTCo and HEK293-mLiTCo-Albu. Conditioned media

were collected and purified using Strep-Tactin purification system (IBA Lifesciences) using an ÄKTAGo sys-

tem (Cytiva). The purified antibodies were dialyzed overnight at 4�C against PBS Phosphate-Buffered Sa-

line (PBS, Corning) with 150mMNaCl at pH 7.0, analyzed by 12% SDS-PAGE under reducing conditions and

stored at 4�C. Size exclusion chromatography was performed on a Superdex 200 Increase 10/300 GL col-

umn (Cytiva) on and AKTA-GO chromatography system (Cytiva). 50 mL of the solutions at 0.15 (mLiTCo) or

0.07 g/L (mLiTCo-Albu) were injected into the column and run at room temperature in PBS pH 7.4, with a

flow rate of 0.5 mL/min.
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Western blotting

Protein samples were separated under reducing conditions on 10–20% Tris-glycine gels (Invitrogen) and

transferred to nitrocellulose membranes and probed with anti-FLAG (clone M2; F3165, Sigma-Aldrich)

mAb (1 mg/mL), washed and incubated with horseradish peroxidase (HRP)-conjugated goat anti-mouse

IgG (GAM-HRP) (1:10,000 dilution) (Sigma-Aldrich). Visualization of protein bands was performed with

the ChemiDoc Gel Imaging System (Bio Rad). Images were analyzed with Image Studio Lite software.

ELISA

Maxisorp immunoplates (NUNC Brand Products) were coated with human EGFR-human IgG1 Fc chimera

(hEGFR) (R&D) or mouse EGFR His Tag (mEGFR) (SinoBiological), and human 4-1BB IgG1 Fc chimera (h4-

1BB) (R&D) or mouse 4-1BB-human IgG1 Fc chimera (m4-1BB) (SinoBiological) (3 mg/mL) overnight at 4�C.
After washing and blocking with 5% bovine serum albumin (BSA, Sigma-Aldrich) or 5% nonfat dry milk

(NFDM) in PBS, 100 mL of conditioned media from transfected HEK293 cells or purified antibody solution

(1 mg/mL) was added and incubated for 1 h at room temperature. After washing, anti-FLAG mAb (1 mg/mL)

(clone M2; F3165, Sigma-Aldrich) was added for 1 h incubation at room temperature. The plates were

washed and 100 mL of HRP-conjugated GAM (1:2000) (Jackson ImmunoResearch Europe Ltd.) or HRP-

conjugated sheep anti-human serum albumin (HSA-HRP) (Abcam) (1:2000) in PBS with 1% BSA or

PBS with 1% NFDM were added to each well. The plates were washed and developed using

3,30,5,50-Tetramethylbenzidine (TMB, Sigma-Aldrich), reaction was stopped with 4N H₂SO₄ (Thermofisher

Scientific) and the absorbance was measured at 450–570 nm using a Thermo Scientific Multiskan FC plate

reader. Data was analyzed using GraphPad Prism 8.4.0 software.

Flow cytometry

HEK293h4�1BB or HEK293m4�1BB cells, and 3T3hEGFR cells (2.5 3 105 cells/well) were incubated on ice for

30 min with purified antibodies (5 mg/mL), washed and incubated with anti-FLAG mAb (5 mg/mL) (clone

M2; F3165, Sigma-Aldrich) for 30 min and detected with a phycoerythrin (PE)-GAM IgG F(ab’) antibody

(Jackson ImmunoReserach) (1:200 dilution). HEK293 and 3T3 cells were used as controls. Samples were

analyzed with FACSCanto II cytometer (BD Biosciences) and FlowJo X software was used for analyzing

flow cytometry data.

FcRn binding kinetics assessment by Bio-Layer Interferometry

An Octet Red96e system (Sartorius) was used for Bio-Layer Interferometry (BLI) to investigate FcRn binding

kinetics. Streptavidin coated biosensors (Sartorius) were hydrated in PBS with 0.01% (v/v) Tween 20 (Bio-

Rad) at pH 7.4 followed by immobilization of 8.75 nM biotinylated human FcRn (Immunitrack) in PBS with

0.01% (v/v) Tween 20 and then washed in fresh PBS with 0.01% (v/v) Tween 20. For all analytes [FcRn

high-binding albumin (AlbuminHB) (Bern et al., 2020), LiTCo-Albu and LiTCo] a 2-fold dilution series starting

from 200 nM was prepared in kinetics buffer (PBS with 25 mMCH₃COONa, 25 mMNaH₂PO₄, 150 mMNaCl,

and 0.01% (v/v) Tween 20 at pH 5.5). For each analyte a control with no analyte but FcRn-coated biosensors

and a control with 200 nM analyte but uncoated biosensors were also included. Binding kinetics were

analyzed at 30�C. After a 180 s baseline in kinetics buffer, analyte association was performed in sample wells

for 300 s before dissociation for 600 s in kinetics buffer, followed by biosensor regeneration in PBS with

0.01% (v/v) Tween 20 for 240 s. The control well without analyte was used for baseline subtraction. In the

Octet System Data Analysis software (version 10.0.1.6) a 1:1 binding model was used to determine kinetic

parameters.

FcRn-mediated cellular recycling assay

The FcRn-mediated cellular recycling assay was performed according to Schmidt, Hvam et al. (Schmidt

et al., 2017). HMEC-1-FcRn cells were trypsinized, suspended in medium, centrifuged at 300 G for 5 min,

and resuspended. Cells (1 3 10⁵/well) were seeded in a 48-well plate (Sarstedt) previously coated with

GelTrex (Life Technologies) and incubated until near confluent. 150.4 nM analyte samples (LiTCo-Albu

and FcRn wild-type-binding albumin, and AlbuminHB (Bern et al., 2020) were prepared in Hank’s Balanced

Salt Solution (Sigma-Aldrich) adjusted to pH 6.0 with MES buffer (Sigma-Aldrich). HMEC-1-FcRn cells were

washed twice with warm PBS before incubation with 300 mL analyte for 1 h at 37�C, 5% CO₂. Cells were then

washed 5 times with ice-cold PBS, before incubation with 160 mL serum-free medium for 1 h. The superna-

tant was harvested, and the amount of recycled analyte was quantified by sandwich ELISA. 96-well plates

(NUNC Brand Products) were coated with capture antibody (Sigma-Aldrich) 1:1000 in PBS for 2 h at room
14 iScience 25, 104958, September 16, 2022
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temperature and then blocked with 2%NFDM in PBS for 2 h at room temperature. The wells were washed in

PBS with 0.05% (v/v) Tween 20 before incubation overnight at 4�C with recycling samples and correspond-

ing dilution series of albumin and LiTCo-Albu. Wells were washed again and then incubated for 2 h at room

temperature with anti-HSA-HRP detection antibody diluted 1:5000 in PBS with 2% NFDM. The wells were

then washed and TMB (Kem-En-Tec) added. The reaction was stopped with 0.2 M H₂SO₄ and the absor-

bance at 450 nm was measured with a Clariostar plate reader (BMG Labtech) with background subtraction

of the absorbance at 655 nm. The data was analyzed using GraphPad Prism 9.0.0 software.

4-1BB-dependent NF-kB activation assay

4-1BB-dependent activation of activated nuclear factor kappa-B (NF-kB) assay was performed on thaw-

and-use (T&U) GloResponseTMNFkB-luc2/4-1BB Jurkat cells (Promega) according to the manufacturer’s

instructions. Jurkat cells (1.5 3 105 cells/well) were plated in Assay Buffer (RPMI, Gibco with 1% FBS) in

white flat bottom 96-well plate (Sigma-Aldrich) co-cultured with NIH/3T3 cells that express or not hEGFR

(0.3 3 105 cells/well). The hLiTCo, hLiTCo-Albu or control antibody were added at 10-fold serial dilutions.

After 6 h Bio-Glo Luciferase Assay Reagent (Promega) was added and luciferase activity was assessed using

a Tecan Infinite F200 plate-reading luminometer (Tecan Trading). The experiments were performed in trip-

licates and data are reported as x-fold of induction relative to the values obtained from unstimulated cells

(mean G SD). Data was analyzed and plotted using GraphPad Prism 8.4.0 software.

Antigen specific T cell costimulation assay

3T3 and 3T3hEGFR cells (0.3 3 105 cells/well were pre-coated in 96-well plates overnight at 37�C. Next day,

target cells were pre-incubated for 1 h at 37�C with purified antibodies (6.67 nM) and a mouse IgG1K iso-

type (Biolegend), as a control. Mouse CD8a+ T cells were purified from the spleens of female BALB/c mice

using the mouse CD8a+ T cell Isolation Kit (Miltenyi Biotec). Purified mouse CD8a+ T cells (1 3 105 cells/

well) were resuspended in RPMI supplemented with 10% FBS and 50 mM b-mercaptoethanol (Life Technol-

ogies), activated with anti-CD3 mAb (clone 145-2C11; MO3PU, Immuno-step) (1 mg/mL) and added to the

coculture. As a control, mouse CD8a+T cells were cultured alone with or without anti-CD3 mAb (1 mg/mL).

After 72 h supernatants were collected and assayed for IFN-g secretion by ELISA (Diaclone) following man-

ufacturer’s protocol.

Serum stability

Purified mLiTCo and mLiTCo-Albu were incubated in mouse serum (Invitrogen) at 37�C, for at least 7 days.

The binding activity of the sample at 0 h was set as 100% in order to calculate the time corresponding to

percentage of decay in binding activity. Samples were analyzed with Thermo Scientific Multiskan FC

photometer and GraphPad Prism 8.4.0 software.

Pharmacokinetics study

Female BALB/c mice were intravenously (i.v.) injected (tail vein) with a single dose (2 mg/kg) of mLiTCo

(n = 3), mLiTCo-Albu (n = 4) or PBS (n = 3). Blood samples were collected at 5 min, 3, 24, 48, 98 and

168 h in separation gel BD microtubes (BD Biosciences), centrifuged at 5000 rpm for 1.5 min to obtain

serum and stored at �20�C. To determine antibody concentration, sera were analyzed by ELISA against

m4-1BB Fc chimera (m4-1BB, SinoBiological) plastic immobilized (3 mg/mL). After washing and blocking

in PBS with 5% NFDM, sera from different time points were added and incubated 1 h at room temperature.

After washing, HRP-conjugated anti-FLAG mAb (clone M2; ab49763, Abcam) (1 mg/mL) was added, after

which the plates were washed and developed using TMB, reaction was stopped with 4N H₂SO₄ and the

absorbance was measured at 450–570 nm using a Thermo Scientific Multiskan FC plate reader. Data was

analyzed using GraphPad Prism 8.4.0 software.

Therapeutic studies

CT26hEGFR cells (1.53 106/mouse) were implanted subcutaneously (s.c.) into the dorsal space of 6-week-old

female BALB/cmice. Mice were treated every other day for a total of seven intraperitoneal (i.p.) injections of

PBS or mLiTCo-Albu (3 mg/kg) antibodies and a weekly i.p. dose of anti-4-1BB IgG (clone 3H3; BE0239,

BioXCell) (4 mg/kg) for two weeks. On days 0 and 21 mice were anesthetized and bled to obtain mouse

serum in separation gel BD microtubes, after centrifugation serum was stored at �20�C until use. Levels

of inflammatory cytokines (IFN-g and IL-6) from collected serum were analyzed by ELISA (Diaclone and Ab-

cam, respectively) following manufacturer’s protocol. In the combined immunotherapy in vivo assay
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CT26hEGFR cells (1.5 3 106/mouse) were implanted s.c. into the dorsal space of 6-week-old female BALB/c

mice. Mice were treated every other day for a total of six i.p. injections of PBS or mLiTCo-Albu alone, or in

combination with two weekly i.p. injections of anti-PD-1 IgG (clone RMP 1.14; BE0146, BioXCell) (4 mg/kg).

In both studies tumor growth was monitored by caliper measurements three times a week, and when tu-

mors reached approximately 0.3–0.4 cm in diameter (0.014–0.03 cm3 in volume), mice were randomized

and allocated to receive treatment (n = 5–6/group). Measurements were conducted in a random order

by the investigator who was blinded to the treatment assignment. Mice were euthanized when tumor

size reached a diameter of 1.5 cm any dimension, when tumors ulcerated, or at any sign of mouse distress.
QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis

Statistical analysis was performed using the GraphPad Prism Software version 8.4.0. and 9.0.0. All the

in vitro experiments were done in triplicates and values are presented as mean G SD from one of at least

three separate experiments. Significant differences (p value) were discriminated by applying a two-tailed,

unpaired Student’s t test assuming a normal distribution. p values are indicated in the corresponding fig-

ures. Tumor volumes for individual mice in each treatment group are plotted, and the mean tumor volumes

are presented for each group using a scatterplot as mean G SD Differences in tumor growth were deter-

mined by one-way analysis of variance (ANOVA) adjusted by the Bonferroni correction for multiple compar-

ison tests.
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