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Abstract

Bispecific antibodies (BsAbs) that engage T cells bind to tumor cells via a tumor-associated 

antigen and to T cells through surface CD3. BsAbs have promising antitumor properties in vivo. 

Here we describe the effects of Fc silencing on BsAbs-driven T-cell trafficking to solid tumors. We 

used BsAbs driven by disialoganglioside GD2 or oncoprotein ErbB2 (HER2) and built on the 

IgG(L)-scFv platform with or without Fc silencing. We studied the kinetics of T-cell infiltration 

from blood into solid tumor masses when driven by these BsAbs. We also investigated the 

therapeutic efficacy of these BsAbs in two mouse models: immunodeficient mice xenografted with 

patient-derived GD2+ neuroblastoma or HER2+ breast cancer, and human CD3ε transgenic mice 

implanted with a GD2+ murine tumor. BsAbs built with intact Fc domain failed to drive T cells to 

tumor thereby failing to achieve an antitumor effect in mice. T cells became sequestered in lungs 

by myeloid cells or depleted in circulation. In contrast, when Fc function was silenced by N297A

±K322A mutations, T cells were able to infiltrate into subcutaneous solid tumors, a prerequisite 

for successful therapy outcome.
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Introduction

T cell–engaging bispecific antibody (BsAb) binds to both CD3 on T cells and antigens on 

tumor cells simultaneously to facilitate T cell–mediated cytotoxicity. A number of BsAbs, 

across a variety of formats, have been shown to successfully redirect T cells to kill tumor 
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cells in vivo (1-7). T-cell infiltration is essential for BsAbs to successfully mediate antitumor 

responses. The extent of T-cell infiltration is a useful indicator for the potential of successful 

immunotherapy against solid tumors (8,9). Strong T-cell infiltration has been associated with 

beneficial clinical outcome for various solid tumor diagnoses (10). Various methods have 

been developed to study T-cell trafficking into solid tumors in vivo, including use of 

radioactive isotopes, such as 111In (11) and 89Zr (12). Luciferase has proven to be a nontoxic 

reporter for imaging gene modified T cells noninvasively and monitoring their persistence 

and distribution in various organs over time in preclinical models (13,14).

For BsAbs, Fc-mediated immune functions are not necessary and are at times unwanted 

(15). In order to avoid or reduce antigen-independent cytokine release syndrome (CRS) due 

to crosslinking of CD3 and Fcγ receptors followed by nonspecific activation of immune 

cells, mutations have been introduced into Fc domain to eliminate FcγR binding for T cell–

engaging bispecific antibodies (1,2,4,16,17).

Human IgG contains a single conserved site in the CH2 domain of Fc, Asn297, for N-linked 

glycosylation. Glycans at this site are the bridge between two CH2 domains that determine 

the interaction between Fc domain and Fcγ receptors. The N297A mutation removes N-

glycosylation (18) thereby preventing binding to Fcγ receptors. The K322A mutation 

removes binding to C1q and prevents activation of the complement cascade (19). The 

K322A mutation has been used to reduce complement activation and in attempts to reduce 

IgG related pain side effects (20). However, it has not been determined whether these 

mutations could affect T-cell trafficking and antitumor activity of BsAbs.

Here, we focused on the N297A and K322A mutations to study the effects of loss of FcγR 

and C1q binding on T-cell trafficking and anti-tumor efficacy in two mouse models. We also 

investigated the fate of T cells when they are exposed to BsAbs with intact Fc. Our results 

confirmed the necessity of Fc silencing, proved the association between T-cell infiltration 

and antitumor effect for immunotherapy using BsAbs, and clarified the effect of 

deglycosylation and/or silencing of C1q binding on BsAb-driven T-cell trafficking to solid 

tumors and antitumor activity in vivo.

Materials and Methods

Construction and expression of BsAbs

The constructions of GD2 and HER2 series of BsAbs were as described previously (1,2). 

For each BsAb, scFv of huOKT3 was fused to the C-terminus of the light chain of human 

IgG1 via a C-terminal (G4S)3 linker (21). Both mutations on Fc, N297A and K322A, were 

generated with site-directed mutagenesis via primer extension in polymerase chain reactions 

(22). The nucleotide sequence encoding each BsAb was synthesized by GenScript and was 

subcloned into a mammalian expression vector. Each BsAb was produced using the 

Expi293™ expression system (Thermo Fisher Scientific) separately. Antibodies were 

purified with protein A affinity column chromatography. The purity of these antibodies was 

evaluated by size-exclusion high-performance liquid chromatography (SE-HPLC). The 

stabilities of these antibodies were monitored by SEC-HPLC weekly for four weeks at 37°C. 

Purity was quantified by the % monomeric peak eluting at the correct retention time.

Wang et al. Page 2

Cancer Immunol Res. Author manuscript; available in PMC 2020 August 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Cell lines

M14 (melanoma) was obtained from University of California, Los Angeles; Neuroblastoma 

IMR-32 (CCL-127) and breast carcinoma AU565 (CRL-2351) were obtained from 

American Type Culture Collection (ATCC). All the cell lines used were authenticated by 

short tandem repeat profiling with PowerPlex 1.2 System (Promega), and routinely tested for 

mycoplasma using MycoAlert™ PLUS Mycoplasma Detection Kit (Lonza). The cells were 

cultured in RPMI1640 (Sigma) supplemented with 10% heat-inactivated fetal bovine serum 

(FBS, Life Technologies) at 37°C in a 5% CO2 humidified incubator. The cells were 

passaged three times after thaw.

Cell cytotoxicity (51Cr release assay)

Cell cytotoxicity was assayed using 51Cr release as described in (23). Effector T cells were 

isolated from human PBMCs using Pan T cell isolation kit (Miltenyi Biotec), and then 

activated and expanded using Dynabeads™ Human T-Activator CD3/CD28 (Thermo Fisher 

Scientific) for 14 days. Effector to target ratio was 10:1 for T cell–mediated cytotoxicity 

assays. NK92MI cells, which were transfected with human FcγRIIIa-158V, were used for 

ADCC assays with effector-to-target ratio of 20:1.

In vitro binding kinetics studies by surface plasmon resonance (SPR)

The interactions between BsAbs and Fcγ receptors were measured using Biacore T-100 

Biosensor system (GE healthcare). The protein ligands were immobilized on the sensor chip 

using the Amino Coupling Kit (GE Healthcare). A blank flow cell was used as negative 

control. All the BsAbs were diluted in HBS-EP buffer (0.01 mol/L HEPES, pH 7.4, 0.15 

mol/L NaCl, 3 mmol/L EDTA, and 0.05% v/v Surfactant P20), and injected over the sensor 

surface. The results were analyzed using the Biacore T-100 evaluation software.

Antitumor effect in human tumor xenografts

All animal procedures were performed in compliance with Memorial Sloan Kettering 

Cancer Center’s institutional Animal Care and Use Committee (IACUC) guidelines. 

BALB/c Rag2−/−IL-2Rγc−/− (double knockout, DKO) mice and heterozygous human CD3ε 
transgenic mice [B6.Cg-Tg(CD3E)600Cpt/J mice were bred with wildtype C57BL/6 mice to 

generate huCD3ε transgenic F1 heterozygotes] were used in this study. Patient-derived 

xenografts (PDXs) were established from fresh surgical specimens with MSKCC IRB 

approval. Tumor cells in Matrigel (Corning Corp) were implanted subcutaneously on the 

right flank of each mouse. Tumor size was measured using handheld Peira TM900 imaging 

device (Peira bvba). T cells isolated from peripheral blood were stimulated with 

Dynabeads™ Human T-Activator CD3/CD28 and expanded for eight days before injection 

with the presence of IL-2 (30 IU/ml). BsAbs and activated human T cells were injected 

intravenously at the same time and 1000 IU IL-2 given subcutaneously. IVIG (50 mg/dose), 

and 2.4G2 (mAb to Ly6G from Bioxcell, 200 μg/dose) were given three times per week 

intraperitoneally. The first doses were injected 48 hours before human T cells. The weights 

of the mice were monitored and no weight loss >15% was observed.
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T-cell transduction

T cells isolated from peripheral blood were stimulated with Dynabeads™ Human T-

Activator CD3/CD28 for 24 hours. T cells were transduced with retroviral constructs 

containing tdTomato and click beetle red luciferase in RetroNectin-coated 6-well plates in 

the presence of IL-2 (100 IU/ml) and protamine sulfate (4 μg/mL). Transduced T cells were 

cultured for 8 days before being used in animal experiments.

Bioluminescence imaging (BLI)

To monitor homing of T cells to tumor, BsAbs and luciferase transduced T cells were 

injected intravenously to mice at the same time, and 1000 IU IL-2 was given subcutaneously. 

Mice were then anesthetized and imaged after intravenous injection of 3 mg D-luciferin 

(Gold Biotechnology) at different days post T-cell injection. Images were acquired using 

IVIS SpectrumCT In Vivo Imaging System (Caliper Life Sciences). Bioluminescence 

images were overlaid with photographs, and regions of interest (ROI) were drawn based on 

the location and contour of tumor using Living image 2.60 (Xenogen). The total counts of 

photons (photon/s) were obtained. Bioluminescence signals before T-cell injection were 

used as baselines.

Immunohistochemistry and immunofluorescence staining

Immunohistochemistry (IHC) and immunofluorescence (IF) were performed at the MSK 

Molecular Cytology Core Facility using Discovery XT processor (Ventana Medical 

Systems) as described in (2). Tumor samples were fixed and embedded in paraffin. Anti-

human CD45, anti-Myeloperoxidase, anti-mouse CD31 and anti-mouse CD68 were used, 

which was followed by biotinylated secondary antibody. The detection was performed using 

a DAB detection kit (Ventana Medical Systems) or Alexa Fluor™ 488 or 568 Tyramide 

Reagent (Invitrogen). IHC images were captured from tumor sections using a Nikon 

ECLIPSE Ni-U microscope and NIS-Elements 4.0 imaging software. IF images were 

captured with Leica Inverted Confocal SP8 and processed with Imaris (Bitplane). Cells were 

counted with Qupath 0.1.2.

Flow cytometry analysis and cytokine assay

For cell lines, goat anti-human IgG-PE was purchased from SouthernBiotech. For blood 

samples from mice, the following antibodies were purchased from Biolegend: anti-human 

CD45-APC (HI30), anti-human CD3-Percp/Cy5.5 (SK7), anti-mouse CD45-Brilliant Violet 

711™ (30-F11), anti-mouse CD11b-Brilliant Violet 570™ (M1/70), and anti-mouse Ly6G-

PE/Dazzle™ 594 (1A8). Cytokine amounts were measured with flow cytometry using 

LEGENDplex™ Human and mouse Th1 Panel (5-plex) (Biolegend) following 

manufacturer’s protocol. The experiments were conducted using a BD LSRFortessa flow 

cytometer and analyzed with FlowJo v10.

ELISA

Plasma amounts of GD2-BsAb, GD2-BsAb (N297A) and GD2-BsAb (N297A+K322A) 

were assayed by ELISA. The rat anti-hu3F8 anti-idiotypic antibody A1G4 (24) was 

adsorbed onto 96-well microtiter plates to capture the serum BsAb, which was detected with 
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peroxidase-conjugated mouse anti-human IgG1 (Jackson ImmunoResearch) using o-

Phenylenediamine dihydrochloride (OPD) as substrate. Pharmacokinetics (PK) analysis was 

performed by non-compartmental modelling of the BsAb concentration over time using the 

Phoenix WinNonlin software (v7.0, Certara, Princeton, NJ).

Mouse anti-human antibody response (MAHA) was determined by ELISA. Diluted mouse 

plasma was allowed to react with GD2-BsAb (N297A+K322A) coated on 96-well microtiter 

plates, and the bound MAHA was detected by peroxidase-conjugated goat anti-mouse IgG 

Fc (Southern Biotech) using OPD substrate.

Plasma amount of human IgG was determined by the Human ELISA Kit (Thermo Fisher 

Scientific) according to manufacturer’s instructions. The plasma amount of mIgG1 in 

huCD3ε transgenic mice and DKO mice was measured using the Mouse IgG ELISA Kit 

(Bethyl Laboratories) according to manufacturer’s instructions.

Statistical analysis

Differences between samples indicated in the figures were tested for statistical significance 

by the Student’s t-test with GraphPad Prism 8, and p < 0.05 was considered statistically 

significant.

Area under the curve (AUC) was calculated using GraphPad Prism 8 (25).

Results

Mutations on Fc domain have no effect on in vitro antigen binding or T-cell cytotoxicity

We analyzed six purified BsAbs of interest: three specific to GD2 including GD2-BsAb, 

GD2-BsAb (N297A) and GD2-BsAb (N297A+K322A); and three specific to HER2, 

including HER2-BsAb, HER2-BsAb (N297A) and HER2-BsAb (N297A+K322A). The 

control BsAbs (Ctrl-BsAbs) used in this study bound to CD3 but not the tumors of interest 

based on immunohistochemistry (negative staining).

To confirm that the mutations on Fc domain did not affect binding to antigen, we used the 

GD2+ melanoma cell line M14 and the HER2+ breast cancer cell line AU565 for flow 

cytometry analysis. In the GD2-binding series, GD2-BsAb, GD2-BsAb (N297A) and GD2-

BsAb (N297A+K322A) showed comparable binding to M14 (Fig. 1A). In the HER2-

binding series, we demonstrated equivalent binding to AU565 regardless of Fc mutations on 

HER2 series of BsAbs (Fig. 1B).

In order to verify that Fc mutations would not affect BsAb-dependent T cell–mediated 

cytotoxicity (ADTC) of BsAbs, we performed 51Cr release assays on GD2+ neuroblastoma 

cell line IMR-32 (Fig. 1C) and HER2+ breast cancer cell line AU565 (Fig. 1D). For each 

antigen-specific series, all three BsAbs showed comparable T cell–killing efficiency, 

confirming the preservation of in vitro ADTC potency despite Fc modifications.
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Mutations on Fc domain do not impact purity, stability or pharmacokinetics

To confirm that these Fc mutations did not differentially impact stability, we examined the 

purity of six BsAbs by SEC-HPLC, right after purification and over four weeks of 

continuous incubation at 37°C. For both GD2-specific BsAb (Supplementary Fig. S1A) and 

HER2-specific BsAb sets (Supplementary Fig. S1B), wild type (WT) Fc, N297A, and 

N297A+K322A mutants, the percentage of monomer peaks were comparable and remained 

comparable over the course of the entire 37°C incubation. The HER2 series of BsAbs all 

started out with lower purity than that of the GD2 series but remained comparable over time. 

When pharmacokinetics of GD2-BsAb and its two Fc mutants were studied in C57BL/6 and 

BALB/c Rag2−/−IL-2Rγc−/− (DKO) mice, no differences were found among any of the Fc 

mutants (Supplementary Fig. S2).

N297A on Fc domain abolishes binding to human and mouse Fcγ receptors

To confirm that N297A eliminates binding to human FcγRIIIa, we evaluated antibody-

dependent cell-mediated cytotoxicity (ADCC) for the two sets of BsAbs using NK92MI 

effector cells that were stably transfected with human FcγRIIIa-158V and either GD2+ 

IMR-32 or HER2+ AU565 cells (Fig. 2A and 2B). As expected, all BsAbs containing 

N297A mutations showed no ADCC, whereas BsAbs with intact Fc, GD2-BsAb and HER2-

BsAb, mediated lysis of target cells.

We also investigated binding of BsAbs to mouse FcγRI and FcγRIV using surface plasmon 

resonance (SPR). Although GD2-BsAb and HER2-BsAb with WT Fc showed affinity for 

FcγRI and FcγRIV, BsAbs with Fc mutations N297A or N297A+K322A lost binding to 

mouse FcγRI and retained only minimal binding to mouse FcγRIV (Fig. 2C, 2D, 2E and 

2F).

K322A on Fc domain eliminates complement-dependent cytotoxicity

To evaluate the role of N297A and K322A mutations in reducing binding to C1q and 

complement activation, we compared antibody-dependent complement-dependent 

cytotoxicity (CDC) of the GD2 series of BsAbs using GD2+ IMR-32 cell lines 

(Supplementary Fig. S3A). Removal of glycosylation reduced CDC; double mutations on Fc 

domain eliminated CDC. SPR showed that GD2-BsAb and HER2-BsAb bound human C1q 

strongly. The single mutation of N297A reduced binding and the double mutations of 

N297A + K322A abolished C1q binding (Supplementary Fig. S3B and C).

Fc silencing led to differences in antitumor effect in huCD3ε transgenic mice

To determine the role of Fc mutations on BsAb function in vivo, we first studied the effect of 

a single dose (5 μg) of GD2-BsAb and GD2-BsAb (N297A+K322A) on peripheral T cells in 

tumor-free huCD3ε transgenic mice. Mice treated with GD2-BsAb displayed significantly 

lower frequencies of huCD3+ T cells in the peripheral blood (24 hours post BsAb) and in the 

spleen (72 hours post BsAb) than mice treated with BsAbs carrying the double mutations 

(Supplementary Fig. S4A and S4B). In addition, after four doses of BsAbs, GD2-BsAb 

treated mice had significantly lower percentages of huCD3+ T cells in the peripheral blood 

when compared with the other three groups (Supplementary Fig. S4C), possibly contributing 
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to these differences in tumor response. This indicates a possible depletion effect on 

circulating T cells from BsAbs when Fc domain was not silenced.

Next, we sought to identify how these mutations impacted each BsAb’s in vivo antitumor 

efficacy. Here we used human CD3ε transgenic mice, subcutaneously implanted with 5 × 

104 EL4, a GD2+ mouse lymphoma (Fig. 3A). Mice (n=10 per group) were treated with 5 μg 

of each BsAb intravenously, twice per week, starting on four days after tumor implantation. 

All three GD2+ specific BsAbs delayed tumor growth compared with the control group. The 

two Fc mutants (N297A and N297A+K322A) showed stronger antitumor responses than 

that with WT Fc domain (Fig. 3B). To compare the treatment effects of different BsAbs, the 

area under the curve was calculated for each mouse on the last day of follow-up (day 31 post 

treatment). BsAb treatment groups were compared using unpaired t tests (Welch’s 

correction, unequal variance), showing significant differences between GD2-BsAb and 

GD2-BsAb (N297A+K322A) groups (p = 0.04) and between GD2-BsAb and GD2-BsAb 

(N297A) groups (p = 0.006). Mice in the control group had to be sacrificed before day 31 

because of tumor size exceeding 10% of the body weight (~2 g, or 2000 mm3). Three out of 

the ten mice in the GD2-BsAb group showed no treatment effect, whereas all 10 out of 10 

mice in both the GD2-BsAb(N297A+K322A) group and the GD2-BsAb (N297A) groups 

showed tumor suppression (Supplementary Fig. S5). One of the limitations of using human 

antibodies in huCD3ε transgenic mice is the mouse anti-drug antibody (ADA) response after 

two weeks of treatment (341±188 ng/ml, n=5), which confounded interpretation of 

antitumor response after the initial weeks of treatment. For these reasons, instead of using 

the immunocompetent mouse model, we focused our studies in the immunodeficient 

BALB/c Rag2−/−IL-2Rγc−/− DKO mouse model.

BsAbs with intact Fc domain fail to mediate effective T cell infiltration into tumor

To evaluate the role of BsAb Fc mutations in T cell infiltration, we examined the GD2 series 

of BsAbs in the xenograft immunodeficient mouse model. Here we implanted GD2+ patient-

derived xenograft (PDX) neuroblastoma (Piro 20) tumors subcutaneously into DKO mice 

and treated the mice intravenously with BsAb (1ug) and activated human T cells (10 

million). T cells were transduced with luciferase-expressing retrovirus (54% transduction), 

after activation for trafficking in vivo. BsAbs were repeated twice per week for a total of two 

weeks. To improve the survival of the human T cells, mice were also supplemented with 

subcutaneous doses of human IL-2 (1000U) twice per week. When imaged by 

bioluminescence, T cells first appeared to localize to the lung and we used this to confirm 

successful T-cell injection for all T cell–trafficking experiments. (Supplementary Fig. S6). 

By day 3, GD2-BsAb failed to draw T cells into the tumors, which showed no more 

infiltration than those treated with a control antibody. In contrast, both GD2-BsAb (N297A) 

and GD2-BsAb (N297A+K322A) groups showed accumulation of T cells in the tumor (>50-

fold greater than GD2BsAb), peaking around day 6, and decreasing thereafter (Fig. 4A and 

B). These differences in infiltration were confirmed by IHC staining with human CD45, 

where only mice treated with Fc-silenced BsAbs showed high numbers of T cells in tumor. 

Mice treated with BsAb with WT Fc displayed minimal T-cell numbers inside tumor (Fig. 

4C). AUC analysis also showed significant differences in T-cell accumulation caused by Fc 

silencing (Supplementary Fig. S7A).
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We next used a second tumor model, implanted with a HER2+ breast cancer PDX (M37) 

subcutaneously into DKO mice and treated with a single injection of 10 million T cells 

transduced with luciferase. BsAbs and IL-2 were also administered as described above. 

Based on bioluminescence, T cells driven by HER2-BsAb showed minimal tumor 

infiltration (Fig 5A and 5B). In contrast, T cells driven by HER2-BsAb Fc-silenced by 

N297A+K322A or N297A mutations showed >400-fold greater tumor infiltration on day 6, 

showing similar trends with GD2-BsAb (N297A+K322A) and (N297A), which is 

statistically significant by AUC analysis for the cumulative effect (Supplementary Fig. S7B). 

The presence and absence of tumor infiltrating T cells were confirmed by 

immunohistochemistry (Fig. 5C).

Irrespective of target or tumor models, BsAbs (N297A) seem comparable to BsAbs (N297A

+K322A) in driving T-cell infiltration into tumor. BsAbs with intact Fc domain failed to 

demonstrate T-cell trafficking into tumors, instead being sequestered in the lungs as late as 

day 3 post T cells injection (Figs. 4A and 5A).

BsAbs with intact Fc domains have no antitumor effects in xenograft mouse model

To investigate the therapeutic impact of T-cell trafficking, we evaluated T cell–antitumor 

function using two PDX models: GD2+ Neuroblastoma (Piro 20) or HER2+ Breast Cancer 

(M37). Tumor-bearing mice were treated with three doses of T cells (20 M, i.v.) and five 

doses of BsAb (1 μg per dose, i.v.) given twice per week with IL-2 (1000U, s.c.). Similar to 

what we saw in the huCD3ε transgenic mice, GD2-BsAb (N297A) and GD2-BsAb (N297A

+K322A) significantly suppressed GD2+ tumor growth. GD2-BsAb with intact Fc domain 

failed to show any differences in tumor growth over Ctrl-BsAb (Fig. 4D). AUC analysis also 

showed significant differences caused by Fc silencing (Supplementary Fig. S8A).

Results were similar for the HER2 series of BsAbs, where tumor growth was suppressed by 

HER2-BsAb (N297A) and HER2-BsAb (N297A+K322A), whereas mice treated with 

HER2-BsAb with WT Fc domain failed to show any antitumor effect (Fig. 5D). Again, AUC 

analysis showed significant differences caused by Fc silencing (Supplementary Fig. S8B). 

These results confirmed that Fc domain controls the antitumor effects of T cell–engaging 

BsAbs and can drive the failure of T cell trafficking to tumors.

BsAbs with intact Fc domain sequester T cells in lungs in xenograft mouse model

To understand how BsAbs with intact Fc domain failed to direct T cells into tumor, we went 

back to our bioluminescence model to evaluate the distribution of T cells in BsAb treated 

xenografted mice. 30 minutes after the infusion of T cells and BsAb, T cells were visible in 

the lungs for all treatment groups regardless of Fc status. By 24 hours, mice treated with 

BsAbs carrying WT Fc domain displayed lower human CD45+ T-cell percentages in 

peripheral blood compared with the other groups (Fig. 6A). Similar to Ctrl-BsAb, the WT Fc 

GD2-BsAb group also had significantly more circulating human IFN-γ when compared with 

the other groups (Supplementary Fig. S9A), and more circulating mouse IL-6 

(Supplementary Fig. S9B). We observed significantly higher percentages of mouse 

polymorphonucler myeloid-derived suppressor cells (PMN-MDSC, CD11b+Ly6G+) in 

peripheral blood among mice treated with WT GD2-BsAb or Ctrl-BsAb when compared 
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with mice treated with the Fc-silenced GD2BsAb variants (Supplementary Fig. S10). By 72 

hours, IHC (n=5 mice/group) revealed a difference in T-cell distribution in lungs versus 

spleens (Fig. 6B). With intact Fc, the majority of T cells were sequestered in the lung around 

the perivascular space, confirmed by mouse CD31 immunofluorescence staining (Fig. 6C); 

few or no T cells homed to the spleen or the tumor. In contrast, when Fc domain was 

silenced, T-cell distribution in the lung was scant and scattered, accompanied by robust 

homing to the spleen and migration into the tumor. By confocal microscopy, mouse 

macrophages and neutrophils were concentrated around T cells in the perivascular regions 

when Fc-intact BsAbs were used (Fig. 6D and E). The results suggest and active process in 

which human T cells are trapped through an Fc-dependent process mediated by mouse 

myeloid cells.

Since DKO mice do not contain B cells, their amount of circulating immunoglobulin should 

be lower than that of immunocompetent mice. To test if the occupation of Fcγ receptors by 

circulating IgG could play a role in sequestration of T cells, we treated DKO mice bearing 

GD2+ melanoma M14 cells with either intravenous immunoglobulin (IVIG) or an anti-

CD16/CD32 (2.4G2) in addition to GD2-BsAbs, to block the mouse Fc receptors. By day 5, 

more tumor infiltration was evident in both IVIG and 2.4G2 treated groups, although rescue 

of the defects evident in WT Fc BsAb was partial (Supplementary Fig. S11).

We next studied the effect of IVIG on T-cell sequestration in lung and engraftment in spleen. 

Tumor-free DKO mice were injected with T cells, together with either GD2-BsAb ± IVIG, 

or GD2-BsAb (N297A+K322A) ± IVIG. Immunodeficient DKO mice had no endogenous 

IgG as measured by ELISA. After administration of human IVIG to saturate the FcRs in 

these mice, serum human IgG amount was measurable (9.4±1.6 mg/ml, n=5) when the BsAb 

treatment injections were initiated. These IgG amounts were higher than the endogenous 

mouse IgG amount in immunocompetent huCD3ε transgenic mice (1.56±0.43 mg/ml, n=5). 

IVIG had no effect on T-cell distribution in the lung for Fc-silenced GD2-BsAb (N297A

+K322A). In contrast, IVIG allowed T cells in the lungs of GD2-BsAb with WT Fc domain 

treated mice to redistribute to the spleen (Fig. 7). These results suggested that Fc receptor 

blockade could alleviate the sequestration mediated by intact Fc domain in GD2-BsAb, and 

also indicated that additional mechanisms might be responsible for the failure of T cells to 

infiltrate to tumor.

Relation of Fc silencing and T-cell infiltration into kidney

We next examined kidney infiltration by T cells at 72 hours after injection (Supplementary 

Fig. S12A) using IHC. Mice treated with GD2-BsAb and GD2-BsAb (N297A) showed 

significantly higher ratios of T cellkidney/T cellspleen (Supplementary Fig. S12B), suggesting 

that complement activation was associated with renal T-cell infiltration. We did not observe 

any morphologic evidence of acute renal damage associated with T-cell infiltration during 

this 2-week observation.

Discussion

In this study we showed that BsAb-driven T-cell infiltration into solid tumors in vivo was 

necessary for tumor response. We used a luciferase reporter for non-invasive dynamic, 
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bioluminescence monitoring of T-cell trafficking in individual mice and delineated T-cell 

trafficking patterns in vivo. Our results showed that Fc silencing could play a role in 

permitting T-cell trafficking into tumors and that differences in Fc functions could affect the 

overall antitumor response, sequestration of T cells into the lung, splenic engraftment and 

renal infiltration.

In this study, we investigated six BsAbs, with and without Fc mutations, directed at two 

targets, GD2 and HER2. The N297A mutation silenced Fc function by removing N-

glycosylation (18) eliminating most ADCC and CDC functions. The K322A mutation 

removed binding to C1q and prevented activation of the complement cascade. The two 

mutations (N297A and N297A+K322A) did not affect antigen binding or efficiency in T 

cell–mediated cytotoxicity in vitro, stability in vitro, or pharmacokinetics in vivo. In 

addition, N297A did not eliminate binding to FcγRI or C1q.

For both antigen systems, N297A and the double mutant N297A+K322A were most 

efficient in driving T cells into solid tumors and maintaining them for the longest duration 

inside solid masses. In contrast, when the Fc domain was fully functional, T-cell infiltration 

was minimal to non-existent. These homing capabilities translated into large differences in 

antitumor efficacy of these antibodies. In both antigen systems, near complete tumor 

ablation was observed when BsAbs with N297A+K322A or N297A mutations were 

administered to mice after adoptive transfer of activated human T cells. In contrast, BsAbs 

with intact Fc domain had minimal therapeutic benefit in immunodeficient mice engrafted 

with activated human T cells, or in transgenic mice carrying huCD3ε+ naïve T cells. In 

addition, BsAbs with intact Fc functions depleted T-cell numbers in the peripheral blood and 

spleens of huCD3ε transgenic mice.

We also found that T cells could not escape from lungs of mice injected with BsAbs with 

intact Fc, which led to failure of T-cell trafficking to tumor. Injected human T cells mostly 

stayed in the perivascular region of lung. We further showed that mouse neutrophils and 

macrophages, cells that expressed Fcγ receptors, also tended to gather in the same regions. 

In contrast, in mice treated with Fc-silenced BsAbs, T cells and mouse myeloid cells did not 

congregate in the same distributions. After Fcγ receptor blockade using IVIG, T-cell 

infiltration into tumors improved. Following blockade with anti-FcγR (2.4G2), T-cell 

infiltration into tumor improved. Additional mechanisms might be involved.

Catumaxomab, a T cell–engaging bispecific antibody (anti-EpCAM × anti-CD3), has 

functional Fc. Catumaxomab was designed to bind and activate Fcγ receptor bearing cells 

for ADCC (26). A dose-limiting toxicity was the cytokine-release-syndrome (CRS) via T-

cell activation induced by Fc domain (27). In our study, we observed elevated cytokine 

expression induced by BsAbs with WT Fc, IFN-γ from injected human T cells and IL-6 

from host myeloid cells. IL-6 could be released when neutrophils are cross-linked with 

FcγRI or FcγRII (28), and with the high PMN-MDSC/neutrophil count, this elevated 

cytokine was expected. In addition, when T cells were sequestered and destroyed in the 

lungs by myeloid cells, an “inflammatory” response would lead to neutrophilia. However, 

after Fc silencing, cytokine release in DKO mice could be substantially reduced. These data 
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support the role of Fc silencing in reducing CRS that is otherwise expected to accompany 

BsAb therapy.

The single N297A mutation didn’t show any significant differences when compared to 

double mutant N297A+ K322A in Fcγ receptor binding, or in T-cell infiltration into solid 

tumor, or in antitumor effect in the mouse models. However, we observed a preferential T-

cell infiltration into kidney if complement activation was not removed. Although we did not 

observe morphologic evidence of acute renal damage associated with a single injection of T 

cells, longer observation, especially after multiple doses of both T cells and BsAb, will be 

needed to study the effects of kidney tropism. Other studies have also used Fc silencing to 

avoid complement inactivation so as to avoid infusion reactions (29-31). Before we can 

extrapolate these results from mouse models to the clinic, further studies may be needed, 

given species differences in complement systems, efficiency of Fc, and complement 

activation by human IgG1-Fc (32). Some renal toxicities have emerged as late effects in 

response to treatment with immune checkpoint (e.g. CTLA-4 and PD-1) inhibitor (ICI) 

antibodies (33). Additionally, residual Fc functions of the IgG4 subclass ICI has been 

associated with trogocytosis and paralysis of NK cells (34). Whether residual complement 

activation could cause renal damage by BsAb will have to await results from clinical trials.

Bispecific antibodies (BsAbs) have emerged as a strategy for the treatment of hemophilia 

(35) and cancer (36). To date, two BsAb formats have been approved by the FDA for clinical 

use (35,36); over 60 are in preclinical and clinical development (37-39). The majority utilize 

human IgG-Fc, built either on the IgG framework or using Fc fusion systems to increase 

serum half-lives of small recombinant fragments. Our study suggests that WT Fc domain in 

BsAbs could decrease their efficacy with the potential for undesirable cytokine storm and 

organ infiltration by T cells. None of these adverse properties were predicted by in vitro 
assays. Many mutations have been described to silence Fc domain (e.g. N297G, D265A, 

L234A+L235A±P329G) (40-44), but little is known about their in vivo immunological 

properties other than pharmacokinetics (45). Attempts to maintain or enhance FcR 

competence have been utilized to provide additional antitumor activity without considering 

the negative impact beyond cytokine release and non-selective T-cell activation. It is possible 

that BsAbs with silenced Fc domain will be more able to prevent sequestration of T cells by 

BsAb in the lung or the reticuloendothelial system.

Reduction in circulating T cells could be the result of T-cell redistribution and/or T-cell 

destruction. In our studies, all injected T cells were labeled with luciferase and their 

trafficking followed and quantified by bioluminescence in real time, as well as by 

immunohistochemistry at necropsy. These orthogonal methods of live imaging and 

immunohistology were the basis of our conclusions. Besides Fc-mediated sequestration, T-

cell trafficking or redistribution is likely an orchestrated interplay of adhesion ligands and 

receptors on both T cells and endothelial cells, as well the network of chemokines and 

receptors, that require investigations beyond the scope of our studies. Both humanized SCID 

or huCD3ε transgenic mouse models have limitations in predicting clinical efficacy or 

toxicity in human. We have mainly focused on the immunodeficient DKO mice model 

because it allowed us to study human T-cell trafficking utilizing the luciferase reporter 

system without the confounding issues of neutralizing antibodies. Despite their limitations, 
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immunodeficient mice mimic the clinical setting in that patients who come to phase I/II 

studies with high risk metastatic disease (e.g. neuroblastoma) usually have undergone 

myelo- and lympho- suppressive chemoradiotherapy and have deficient T-cell functions. Our 

data suggest that with an intact Fc, BsAb can bind to the Fcγ receptors on immune cells, 

such as neutrophils, macrophages and even NK cells while activating the complement 

cascade, and in that process activate and damage T cells, sequestering them to the 

reticuloendothelial system, releasing cytokine and preventing T cells from tumor infiltration. 

A deeper understanding of the role of residual Fc functions, whether in ADCC or in CDC, 

should avoid unexpected acute or late effects in the clinical development of BsAbs, a 

requisite consideration since the lesson of TGN1412 (46,47).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Comparisons of binding to cell lines and antibody dependent T cell–mediated cytotoxicity 

assays. A, GD2-BsAb and its Fc mutants binding to GD2+ melanoma cell line M14. B, 

HER2-BsAb and its Fc mutants binding to HER2+ breast cancer cell line AU565. C, GD2-

BsAb and its Fc mutants redirected T-cell killing in 51Cr release assay of GD2+ 

neuroblastoma cell line IMR-32. Effector to target cell ratio was 10:1. D, HER2-BsAb and 

its Fc mutants redirected T-cell killing in 51Cr release assay of HER2+ breast cancer cell line 

AU565. Effector to target cell ratio was 10:1. The results shown are representative results 

from at least three independent repeats. No significant differences were observed between 

binding or cytotoxicity.
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Figure 2. 
Comparisons of antibody-dependent cellular cytotoxicity and surface plasmon resonance 

analysis of binding to mouse Fcγ receptors. A, Antibody-dependent cellular cytotoxicity of 

GD2-BsAb and its Fc mutants against GD2+ IMR-32 cells. Effector to target ratio was 20:1. 

B, Antibody-dependent cellular cytotoxicity of HER2-BsAb and its Fc mutants against 

HER2+ AU565 Cells. Effector to target ratio was 20:1. Binding kinetics of BsAb and Fc 

mutants to mouse FcγRI (C, GD2-bind series, and D, HER2-binding series) and FcγRIV 

(E, GD2-bind series, and F, HER2-binding series). Protein binding to the SPR chip surface 

was measured in resonance units (RU). The results shown are representative results from at 

least three independent repeats.
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Figure 3. 
Comparisons of efficacy of GD2-BsAb and its mutants in huCD3ε transgenic mice (n =10 

mice/group). A, Tumor growth curves of GD2+mouse lymphoma following treatment with 

Ctrl-BsAb, GD2-BsAb and its Fc mutants. B, Individual EL4 tumor AUC in huCD3ε 
transgenic mice following treatment with GD2-binding BsAbs after 31 days of treatment; 

values calculated by Prism GraphPad 8. BsAb treatment groups were compared using 

unpaired t tests (Welch’s correction, unequal variance), showing significant differences 

between GD2-BsAb and GD2-BsAb (N297A+K322A) groups (p = 0.04) and between GD2-

BsAb and GD2-BsAb (N297A) groups (p = 0.006). The results shown are representative 

results from at least three independent repeats.
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Figure 4. 
T-cell trafficking into GD2+ PDX in DKO mice to exert antitumor effects. A, Representative 

bioluminescence images of T-cell trafficking over days of BsAb treatment. B, Quantitation 

of T-cell infiltration into tumors over time as measured by bioluminescence (n = 5 mice/

group) expressed as total flux or radiance (photons/sec) in each pixel integrated over the 

entire tumor contour (ROI). C, Representative immunohistochemistry images of huCD45+ 

T-cell infiltration in tumor sections on day 6 (100X magnifications). D, Tumor response 

among GD2+ neuroblastoma PDX (Piro 20) (n = 5 mice/group) after treatment with Ctrl-

BsAb, GD2-BsAb and its Fc mutants. The results shown are representative results from at 

least three independent repeats. The significant differences were calculated based on AUC, 

shown in Supplementary Fig. S7.
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Figure 5. 
T-cell trafficking into HER2+ human breast cancer PDX in DKO mice to exert antitumor 

effect. A, Representative bioluminescence images of T-cell trafficking over days of BsAb 

treatment. B, Quantitation of T-cell trafficking into tumors over time by bioluminescence (n 

= 5 mice/group) expressed as total flux or radiance (photons/sec) in each pixel integrated 

over the entire tumor contour (ROI). C, Representative immunohistochemistry images of 

huCD45+ T-cell infiltration in tumor sections on day 6 (100X magnifications). D, Tumor 

response among HER2+ breast cancer PDX (M37) (n = 5 mice/group) after treatment with 

Ctrl-BsAb, Her2-BsAb and its Fc mutants. The results shown are representative results from 

at least three independent repeats. The significant differences were calculated based on 

AUC, shown in Supplementary Fig. S8.
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Figure 6. 
Enumeration of T cells in blood, lung, spleen, and tumor in mice xenografted with GD2+ 

neuroblastoma PDX (Piro 20). A, Percentages of T cells in blood 24 hours after T-cell 

injection (n = 10 mice/group). B, Representative IHC images of huCD45+ T-cell infiltration 

in lung and spleen sections 72 hours after T-cell injection (n = 5 mice/group, 100× 

magnifications), with comparison among Ctrl-BsAb, GD2-BsAb, and their Fc-mutants. C, 

Representative IF images of huCD45+ T cells (magenta), CD31+ mouse endothelial cells 

(green), and nuclei (DAPI, blue; 200× magnifications) in mouse lungs treated with different 

BsAbs. D, Representative IF images of huCD45+ T cells (red), CD68+ mouse macrophages 

(green), and nuclei (DAPI, blue; 200× magnifications). Two images on the bottom were 

recorded at 400× magnification (left, Ctrl-BsAb; right, GD2-BsAb). E, Representative IF 
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images of huCD45+ T cells (red), myeloperoxidase+ mouse neutrophils (green), and nuclei 

(DAPI, blue; 200× magnifications). Two images on the bottom were recorded at 400× 

magnification (left, Ctrl-BsAb; right, GD2-BsAb). The results shown are representative 

results from at least three independent repeats. Statistical significance of all results was 

determined by t test. If it is not labeled, it is not significant.
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Figure 7. 
Effect of IVIG on T-cell trafficking. A, Representative IHC images of huCD45+ T cells in 

lungs and spleens of mice treated with and without IVIG (100× magnifications). B, 

Enumeration of T cells per pixel2 (area) of IHC images of huCD45+ T cells in mouse 

spleens. Cells were counted from two randomly selected fields for each mouse (n = 10). The 

results shown are representative results from at least three independent repeats. Statistical 

significance of all results was determined by t test. If it is not labeled, it is not significant.
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