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Abstract

Bispecific T cell engagers have demonstrated clinical efficacy, however, their use can be 

accompanied by severe toxicity. Mechanistic understanding of these toxicities is limited by a lack 

of suitable immunocompetent pre-clinical models. Here, we describe an immunocompetent mouse 

tumor model which exhibits bispecific T cell engager-induced toxicity and recapitulates key 

features similar to those in human cytokine release syndrome. In this study, toxicity occurred 

between the 2nd and 4th injections of an NKG2D bispecific T cell engager protein. Symptoms 

were transient peaking 3-4 hours after treatment and resolving by 8 hours. Mice developed weight 

loss, elevated plasma cytokines, a significant reduction in spleen white pulp and lymphocyte 

infiltration in the liver. Systemic cellular immune changes also occurred, notably an increase in 

CD8+ T cell activation, an increase in myeloid cells in the blood, and a population of Ly6Cint 

monocytes (CD11b+Ly6G−F4/80−) emerged in the liver and spleens of bispecific protein treated 

mice. IFNγ was primarily produced by CD8+ T cells in the spleen and was required for the 

observed changes in both T cell and myeloid populations. Rag deficiency, IFNγ deficiency, or 

depletion of either CD4+ or CD8+ T cells prevented toxicity. Whereas perforin deficiency, GM-

CSF deficiency, or modulation of the myeloid population through clodronate-mediated depletion 

showed a partial abrogation of toxicity. Together these findings reveal that T cell activation by a 

bispecific T cell engager leads to changes in the host myeloid cell population, both of which 

contribute to treatment induced toxicity in immunocompetent mice.

2Abbreviations: bsTCE, bispecific T cell engager; scFv, single-chain variable fragment; FDA, U.S. Food and Drug Administration; 
CRS, cytokine release syndrome; R/R, relapsed/refractory; MRD, minimal residual disease; ALL, acute lymphoblastic leukemia; 
CAR, chimeric antigen receptor; NKG2D, Natural Killer Group 2D; NKG2D-L, NKG2D ligands; hNKG2D-OKT3, human NKG2D 
receptor fused to anti-human CD3; mNKG2D-2C11, mouse NKG2D receptor fused to anti-mouse CD3; Rae1, Retinoic acid early 
inducible 1; MULT1, mouse UL16-binding protein-like Transcript 1; H60, histocompatibility antigen 60; B7H6, B7 family homolog 
6; MAS, macrophage activation syndrome also known as hemophagocytic lymphohistiocytosis (HLH)
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Introduction

T cells are key players in anti-tumor immunity(1, 2). One approach to enhance the function 

of T cells is to redirect them to recognize a tumor antigen using a bispecific antibody. These 

are called bispecific T cell engagers (bsTCEs). A successful strategy has been to connect 

two single chain variable fragments (scFv) with a flexible serine glycine linker(3). The 

bsTCE is then able to engage T cells through binding to CD3 with one arm and redirect 

them to a tumor antigen with the other arm. The bridging of CD3 with the target expressing 

cell results in cytolytic synapse formation, perforin and granzyme mediated, MHC-

independent killing of target antigen-expressing cells, polyclonal T cell activation, 

proliferation and cytokine production(4). There are now more than 40 bsTCEs in clinical 

development with the majority of these being evaluated for hematologic indications, 

although several for solid tumor indications are now entering clinical trials(5). The most 

advanced is the FDA approved CD19xCD3 targeting bsTCE, blinatumomab, which is 

approved for the treatment of adults and children with relapsed/refractory (R/R) or minimal 

residual disease (MRD) positive B-cell precursor acute lymphoblastic leukemia (ALL)(6).

However, the clinical success of blinatumomab is accompanied by frequent and sometimes 

severe cytokine release syndrome (CRS) and neurotoxicity(7, 8). This toxicity profile has 

similarities to patients treated with chimeric antigen receptor (CAR) T cells, which redirect 

T cells to tumors through genetic engineering(7). Clinical manifestations of CRS can range 

from mild flu like symptoms to more severe sepsis like symptoms(9). In blinatumomab 

treated patients, CRS occurred in approximately 15% of R/R ALL and 7% in MRD-positive 

ALL patients in clinical trials(10). CRS typically occurs within the first few days of 

treatment and is characterized by high levels of circulating serum cytokines for both bsTCE 

and CAR T cell treated patients(11–16). The high levels of cytokines are thought to drive a 

macrophage dysfunction seen in some patients(7). Neurological symptoms may include 

headache, delirium, seizure, cerebral edema and intercranial hemorrhage and occur in 

approximately 65% of patients receiving blinatumomab(9, 10, 17), although only about 13% 

develop severe neurotoxicity(10).

For blinatumomab, these toxicities are primarily managed by suspending treatment and 

through administration of dexamethasone(7). An IL-6R blocking antibody, tocilizumab, has 

been FDA approved for treatment of CAR T cell-induced CRS. This approval was based on 

a retrospective analysis demonstrating that 50-70% of CAR T cell treated patients 

developing CRS responded to tocilizumab treatment(18). There have also been 30 cases 

identified in a retrospective analysis in which tocilizumab was used for the management of 

blinatumomab-induced CRS(19). Of the 22 cases with reported outcomes 21 reported 

resolution of symptoms(19). However, it is difficult to interpret the importance of 

tocilizumab in resolution of symptoms in these cases as patients also discontinued 
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blinatumomab treatment and were treated with corticosteroids(19). Together these data 

suggest that IL-6 can be an important mediator of CRS, however, the fact that it is not 

effective in all cases suggests that other mechanisms are at play and that additional methods 

to treat these symptoms are still needed. A major hindrance is that the underlying 

mechanisms remain poorly understood, in part because these toxicities are not recapitulated 

in the immunodeficient xenograft models that are used to study most human T cell 

redirecting therapies. An increased understanding of mechanisms driving toxicities may lead 

to improved strategies to manage such events and improve patient outcomes.

We have developed both human and murine versions of a bsTCE in order to investigate 

immune interactions in syngeneic immunocompetent mouse tumor models. These bsTCEs 

are constructed from the extracellular portion of either mouse or human NKG2D receptor 

linked to an anti-CD3 scFv and do not contain a Fc(20, 21). NKG2D is an activation 

receptor found on NK cells and some T cell subsets and normally functions in the 

recognition of stressed, damaged or transformed cells(22). NKG2D ligands (NKG2D-L) are 

often expressed on tumor cells but are absent on most normal tissues, making them excellent 

immunotherapeutic targets(22). NKG2D-Ls are species-specific. The human bsTCE, 

hNKG2D-LxCD3 (hNKG2D-OKT3), recognizes two families of ligands: MHC class I 

chain-related proteins A (MICA) and B (MICB) as well as UL16 binding proteins (ULBP1 - 

6)(20). This bispecific protein has demonstrated the ability to specifically activate T cells 

against ligand positive human tumor cell lines and primary tumor samples(20). The murine 

bispecific, mNKG2D-LxCD3 (mNKG2D-2C11), recognizes the ligands Rae1, Mult-1 and 

H60(21). In vitro, mNKG2D-2C11, engages both T cells and tumor cells, resulting in T cells 

producing IFNγ and cytotoxicity against ligand-positive tumor cells(21). mNKG2D-2C11 

has also demonstrated in vivo anti-tumor efficacy(21). In this study, we describe the 

development of an immunocompetent mouse tumor model which exhibits mNKG2D-2C11 

associated toxicity, with features similar to those observed in human CRS and explore 

mechanisms underlying the observed symptoms.

Methods

Cell lines

Murine colon cancer MC38 cells were obtained from Dr. Richard J. Barth (Geisel School of 

Medicine). Cell lines are tested routinely for mycoplasma by PCR at the time of experiments 

and retested periodically. After thawing, cells were passaged 2-3 times before use. MC38 

cells were cultured in complete DMEM with a high glucose concentration (GE Hyclone 

Laboratories, SH30022.01) supplemented with 10% heat-inactivated FBS (GE Hyclone 

Laboratories, SH30910.03), 100U/ml penicillin, 100μg/ml streptomycin (GE Hyclone 

Laboratories, SV30010), 1mM sodium pyruvate (Corning Cellgro, 25-000-Cl), 10mM 

HEPES (Corning Cellgro, 25-060-Cl), 0.1mM MEM non-essential amino acids (Corning 

Cellgro, 25-025-Cl) and 50μM 2-mercaptoethanol (Sigma, M6250-100ML).

Production and Purification of Proteins

mNKG2D-2C11 and TZ47-2C11 bsTCEs were constructed as described(23, 24). The 

bsTCEs were produced using the Expi293™ expression system (ThermoFisher Scientific, 
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A14635). Manufacturer’s instructions were followed for transfection of Expi293™ cells. 

Cultures were maintained at 37°C, 8% CO2 with shaking at 100 rpm for five days after 

transfection. Anti-CD4 and anti-CD8 depletion antibodies were purified from low serum 

adapted hybridoma supernatants of GK1.4 and 2.43 obtained from Dr. Mary Jo Turk (Geisel 

School of Medicine). Hybridomas were grown in Hybridoma-SFM media supplemented 

with 0.05% ultra-low IgG FBS (Life Technologies, 12045076, A3381901). Cell-free 

supernatant was then harvested and filtered using 0.45μm filter units and glass 1.0micron 

fiber prefilters (EMD Millipore Corporation, SCHVU05RE, AP1507500).

The bsTCEs were purified by nickel chromatography using an AKTA Start purification 

system (GE Healthcare, 29-0220-94). Briefly, supernatants were loaded on to a HisTrap HP 

column (GE Healthcare, 17524801) diluted in nickel column binding buffer (300mM NaCl, 

50mM NaH2PO4, 20mM imidazole, pH=7.4) and eluted using a stepwise gradient of 

imidazole with the elution buffer (300mM NaCl, 50mM NaH2PO4, 480mM imidazole pH= 

7.4). The anti-CD4 and anti-CD8 antibodies were purified using HiTrap Protein A HP 

columns (GE Healthcare, 29048576). The antibodies were eluted with 0.1M Glycine pH 2.2 

(Fisher Scientific, BP381-500). 100μl of neutralization buffer (Tris-HCl, pH 9) was added to 

fraction collection tubes prior to elution. Eluted fractions containing desired protein as 

determined by SDS-PAGE gel (ThermoFisher Scientific, S6650) were combined and buffer 

exchanged into PBS (Corning Cellgro, 21-040-CV) using HiTrap desalting columns (GE 

Healthcare, 29-0486-84). Protein concentration was quantified by Nanodrop.

Mice

All experiments were conducted according to protocols approved by Dartmouth College’s 

Institutional Animal Care and Use Committee. C57BL/6 (B6, WT) were purchased from 

Charles River NCI (Frederick, MD). Rag1−/− mice (B6 background) were obtained from Dr. 

Yina Huang (Geisel School of Medicine). Interferon-gamma reporter with endogenous 

polyA transcript (GREAT) mice (B6.129S4-Ifngtm3.1Lky/J) were obtained from Dr. Mary Jo 

Turk (Geisel School of Medicine) (JAX, Stock 017581). Perforin-deficient mice (C57BL/

6Prf1tm1Sdz/J) and IFNγ deficient mice (B6.129S7-Ifngtm1Ts/J) were obtained from the 

Jackson Laboratory (Stock 002407, 002287). GM-CSF-deficient mice (C57BL/6 

background) were bred in our facility.

Tumor Model

MC38 tumor cells (106) in 0.4 mL HBSS (GE Hyclone Laboratories, SH30031.02) were 

injected subcutaneously (s.c.) into mice on day 0. When tumors reached approximately 

40mm2 (days 10-14) treatment with the indicated bispecific protein was initiated (unless 

otherwise noted). Dose and interval of treatment are indicated in each experimental setup. 

BsTCEs were diluted in 0.4 mL HBSS and injected intravenously (i.v.)

Health status

The health status of mice was graded on a scale from 1 to 4 by an experimenter blinded to 

the group treatment status, as follows: 1 - normal and healthy; 1.5 - walking somewhat 

slowly; 2 - moving slowly; 2.5 - moving slowly, hunched posture; 3 - little movement, 

hunched posture, respiratory distress; 3.5 - little movement upon touch, hunched posture, 
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respiratory distress; 4 – death. Mice were also weighed at the start of each experiment, daily 

during the course of treatment with bsTCEs and 2-3 times/week after treatment.

Mouse Treatment

Anti-CD4 (Clone GK1.5), anti-CD8 (clone 2.43), anti-mIL-6R (clone 15A7, BioXcell, 

BE0047) and control rat gamma globulin (Jackson ImmunoResearch, 012-000-002) were 

given i.p. at a dose of 200μg diluted in 0.4mL HBSS. In T cell depletion experiments, 

antibodies were given 1 day prior to the first injection of bsTCE. Anti-IL6R was given 3h 

prior to the 3rd injection of bsTCE. 1400W (Cayman Chemical, 214358-33-5) was 

administered i.p daily for 7 days at a dose of 100μg diluted in 0.2mL HBSS starting 5h 

before the first injection of bsTCE or before the 2nd and 3rd injections of bsTCE. Clodronate 

or control liposomes (Liposoma Research, CP-005-005) were given at a dose of 0.2mL i.v. 

one day prior to the initiation of bsTCE treatment.

Cytokine Analysis

Mouse blood was collected via tail bleed or cardiac puncture into 300μl Microvette® 100 

EDTA tubes (VWR, 101093-992) centrifuged at 1,300rcf for 10 min. Plasma was then 

collected and frozen at −20 °C. Samples were then analyzed by multiplex cytokine analysis 

by DartLab.

Immunophenotyping

Blood, spleen, liver, tumor, and tumor draining inguinal lymph nodes were removed from 

mice and processed as follows for flow cytometry. Blood was collected as described above. 

Plasma was removed and frozen. The remaining cell layer was subjected to two rounds of 

red blood cell lysis by incubating for 5 min with 0.5mL of RBC lysis buffer (0.16M NH4Cl, 

0.01M KHCO3, 0.1mM EDTA). Cells were washed twice with PBS after each round of 

RBC lysis. The spleen, lymph node, liver and tumor were manually dissociated. Spleens 

were washed with HBSS and then incubated for 3 min in 3mL RBC buffer. After 3 minutes, 

10ml of HBSS was added to neutralize the RBC lysis buffer and the suspension was filtered 

through a 70μm cell strainer (VWR, 21008-952). Cells were pelleted as before, resuspended 

in PBS. Lymph nodes were pelleted at 4.6x1000g for 1 min and resuspended in PBS. Livers 

and tumors were dissociated in 1.5mg/ml collagenase and 0.4mg/ml DNAse (Sigma, 

10103586001, DN25-100MG) in HBSS and then incubated for 1 hour at 37°C with shaking. 

The disaggregated tissue was strained through 70μm cell strainer and washed with 10mL 

HBSS. Red blood cells were then lysed in these tissues, as described for the spleen. Cells 

were washed with HBSS and resuspended in PBS. Cells from spleens, lymph nodes, livers 

and tumors were counted by hemocytometer, and 5x105 cells were stained for each sample. 

Samples were stained with 1:100 dilution of Zombie UV (Biolegend, 423108), followed by 

blocking with anti-CD16/32 (Biolegend, 101302) and 2% mouse serum (Jackson 

Immunoresearch, 015-000-120). Samples were then incubated with staining cocktail: 

CD45.2 PE at a 1:50 dilution (BD Biosciences, 560695, clone 104), CD3 PE-Cy7 at a 1:200 

dilution (BD Biosciences, 560591, clone 17A2, CD4 APC-Cy7 at a 1:200 dilution (BD 

Biosciences, 552051, clone GK1.5), CD8 BV711 at a 1:200 dilution (BD Biosciences, 

563046, clone 53-6.7), CD44 BV605 at a 1:200 dilution (BD Biosciences, 563058, clone 

IM7), CD62L BV510 at a 1:50 dilution (BD Biosciences, 563117, clone MEL-14), NK1.1 
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BV421 at a 1:50 dilution (Biolegend, 108741, clone PK136), CD49b FITC at a 1:50 dilution 

(BD Biosciences, 553857, clone DX5), CD11b PE-Cy5 at a 1:50 dilution (Biolegend, 

101210, clone M1/70), F4/80 BV650 at a 1:200 dilution (Biolegend, 123149, clone BM8), 

Ly6C APC at a 1:200 dilution (Biolegend, 128016, clone HK1.4), Ly6G BUV395 at a 1:200 

dilution (BD Biosciences, 563978, clone 1A8), CD19 BUV737 at a 1:200 dilution (BD 

Biosciences, 564296, clone 1D3). Samples were fixed with methanol free 0.5% 

formaldehyde (Polysciences, Inc, 04018-1) and run on a Yeti/ZE5 (Propel Labs, Fort 

Collins, CO). Flow cytometry data was analyzed using FlowJo V10. (FlowJo, LLC).

Pathology

Dissected tissues were fixed in 10% formalin (VWR, 10662-328). Paraffin sections were 

generated and stained with hematoxylin and eosin by the Pathology Research Resource at 

Dartmouth–Hitchcock Medical Center. Histological analysis was performed in an 

independent and blinded manner by pathologist Dr. Zakaria Grada (Geisel School of 

Medicine). Tissues were taken for analysis from each mouse: brain, heart, kidney, liver, 

lungs, and spleen. Tissues were rated as normal or pathology was noted.

Immunohistochemistry

Paraffin embedded 2.5% buffered formalin-fixed tissue specimens (brain, lung, heart, 

pancreas, spleen, liver, kidney, inguinal lymph node, tumor) from adult C57Bl/6 mice 

underwent deparaffinization and heat-induced epitope retrieval using sodium citrate buffer 

(pH 6.0) prior to antibody staining with polyclonal goat IgG anti-mouse pan-specific Rae1 

primary antibodies (R&D systems, AF1136) in a 1:20 dilution overnight at 4°C in a 

humidity chamber. Contiguous sections from each sample were incubated with primary 

antibodies pre-incubated for 4 hours with recombinant mouse Rae1 Fc chimeric protein 

(R&D Systems, 1998-RA) at a 1:10 molar ratio as specificity controls. Blocking reagents, 

secondary antibodies, and diaminobenzidine chromogen were added using a high sensitivity 

streptavidin conjugated anti-goat antibody kit (R&D Systems, CTS008). Slides were 

counterstained with methylene blue. B16F10-Rae1 melanoma cells were stained as positive 

controls. Specimens were also incubated with no primary antibodies as negative controls.

Results

mNKG2D-2C11 induces toxicity in B6 mice bearing MC38 S.C. tumors

In order to study toxicity of the T cell redirecting bispecific proteins, MC38 mouse colon 

carcinoma cells, which endogenously express Rae-1, were injected s.c. into B6 mice. Once 

tumors reached approximately 40mm2 (day 10-14 post-tumor injection), treatment with 

either mNKG2D-2C11 or a control bsTCE (TZ47-2C11) was initiated. Both bsTCEs are 

similar in size and have the same anti-CD3 scFv domain through which they can bind 

murine T cells and lack Fc domains. However, the control bsTCE is specific for human 

B7H6, which has no expression in mouse tissues, while mNKG2D-2C11 is specific for 

murine NKG2D-Ls (Figure 1A). Mice were injected i.v. with 10μg of bsTCE every other 

day for a total of four doses. Mice were monitored for symptoms of toxicity in a blinded 

manner and given a health score between 1 to 4, where a score of one was a normal healthy 

mouse and higher scores indicate progressively worse symptoms (see Methods for scoring 
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system). Mice experienced decreased activity, hunched posture, piloerection, respiratory 

distress and weight loss. Mouse distress was observed between the 2nd and 4th treatments but 

never occurred after a single injection or when more than 4 injections were given (Figure 

1B, Supplemental Figure 1A). The symptoms were transient, peaking 3-4 hours after 

treatment with complete resolution by 8 hours. Symptoms were also dose-dependent. When 

mice were treated with 2μg, 5μg or 10μg doses of mNKG2D-2C11, only mice treated at the 

10μg dose experienced toxicity (Figure 1C).

Toxicity was also evaluated using two additional tumor models, a B16F10-Rae1 metastatic 

lung tumor model and an RMA-Rae1 lymphoma model. Similar toxicity was also observed 

in these tumor models (supplemental Figure 1B,C). These observations prompted us to 

evaluate the dependence of toxicity development on presence of a tumor. Evaluation of 

toxicity in non-tumor bearing mice revealed that toxicity occurred regardless of the presence 

of the tumor (Figure 1D). As NKG2D ligand expression has been reported on some normal 

healthy mouse tissues(25, 26), this likely represents an on-target, off-tumor response, 

recapitulating a common clinical issue. Indeed, immunohistochemical analysis in mice 

revealed positive Rae1 expression in the liver. The Rae1 specific antibody was blocked by 

pre-incubation with a recombinant Rae-1-fusion protein in contiguous sections from the 

same tissue sample, thus demonstrating antigen-binding specificity (Figure 1E). Other 

tissues examined (heart, lymph node, kidney and spleen) showed no positive staining 

compared to Rae1 protein blocked slides (Supplemental Figure 1D, E). Together these 

findings establish an immunocompetent mouse tumor model that demonstrates dose 

dependent, transient, on-target off-tumor symptoms of toxicity when treated with 

mNKG2D-2C11.

mNKG2D-2C11 mediated toxicity is associated with elevated plasma cytokines and 
changes in T cell and myeloid populations

At the point of maximal symptoms of toxicity, 3h after the 3rd bsTCE injection, plasma 

cytokines, pathology and immune populations were evaluated. The cytokine profile in these 

mice was elevated for IL-6, IL-10, IFNγ, TNFα and IL-2 (Figure 2A, B), which was highly 

similar to those reported in patients receiving blinatumomab treatment(11, 12). In addition to 

the cytokines that have been reported from patients, we examined a wider panel of 

cytokines, many of which were elevated (Figure 2A, Supplemental Figure 2). When fold 

change between control versus mNKG2D-2C11 treated mice was examined, IFNγ (145-

fold) was identified as the cytokine with the greatest increase (Figure 2A).

Tissue sections of the brain, heart, lung, liver, spleen and kidneys were stained with 

hematoxylin and eosin and evaluated by a pathologist blinded to treatment conditions. This 

analysis showed a significant reduction in white pulp and marginal zone in mouse spleens 

(17/18 mice, 94%) and increased lymphocyte infiltration in the liver of animals treated with 

mNKG2D-2C11 (18/21 mice, 86%) (Figure 2C, D). However, the other organs evaluated 

(brain, heart, lung, kidneys) were within normal limits, including no evidence of liver 

hepatocyte death (data not shown).

Additionally, systemic changes in immune populations were found in the evaluated organs 

(blood, liver, spleen, tumor draining lymph node and tumor). The primary changes found 
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were in the T cell and myeloid compartments (Figure 2F–I, Supplemental Figure 3). Within 

the T cell compartment, the percent CD4+ T cells was decreased and percent CD8+ T cells 

was increased significantly in the lymph node, spleen and liver (p<0.01) and showed a 

similar trend in the tumor (p=0.06). However, in the blood, the opposite occurred with CD4+ 

T cells increased (p<0.001) and CD8+ T cells decreased (p<0.01) (Figure 2F). In the blood, 

lymph node, spleen and liver, the percent CD8+CD44+ T cells increased (p<0.05) (Figure 

2G), likely indicative of CD8+ T cell activation. Indeed, the overall percent of T cells 

(CD3+) was decreased in the blood (p<0.001) which may reflect a transient lymphopenia 

(margination) effect which has been observed with other CD3 targeting antibodies(27) 

(Figure 2H). In the myeloid compartment, the total percent CD11b+ cells was increased in 

the blood, and the percentage of Ly6Cint monocytes (CD11b+Ly6G−F4/80−) increased in the 

spleen and liver with concomitant decrease in the percent Ly6Chi monocyte population (all 

p<0.001) (Figure 2H,I). Overall this model was similar to the cytokine profile observed in 

patients receiving blinatumomab and was associated with systemic immune cell changes, 

including histological changes in the spleen and liver, and increased percentages and 

activation of CD8+ T cells as well as changes in the myeloid population.

T cell activity and function are required for mNKG2D-2C11 induced toxicity

To confirm the requirement for T cells in the development of this toxicity, the same 

experimental setup was examined in WT and Rag−/− mice. WT mice experienced toxicity, 

but no toxicity was observed at any point in the Rag−/− mice (Figure 3A). To investigate the 

contribution of T cell subsets, depletion of CD4+ or CD8+ T cells was achieved by treatment 

with depleting antibodies one day prior to the first treatment with bsTCEs. Although CD8+ 

T cells showed the most prominent activation after mNKG2D-2C11 treatment 

(Supplemental Figure 3D–F), depletion of either CD4+ T cells or CD8+ T cells was 

sufficient to inhibit the development of symptoms in mice (Figure 3B). IFNγ was the 

cytokine that showed the greatest fold increase and is important for immune activation, so 

we investigated whether IFNγ was required for the development of toxicity. Indeed, 

symptoms did not occur in IFNγ−/− mice compared with WT mice (Figure 3C). In addition 

to IFNγ production, activation of T cells results in cytotoxic killing of target cells through 

perforin and granzyme. To determine whether perforin-mediated killing might be involved in 

this acute toxicity, we compared the response of perforin-deficient mice with WT mice and 

found that toxicity was reduced but not completely prevented in perforin−/− mice (Figure 

3D). Thus, the data have shown that both CD4+ and CD8+ T cells as well as IFNγ are 

required for mNKG2D-2C11-mediated toxicity, while perforin deficiency reduced, but did 

not completely prevent toxicity development.

IFNγ is produced mainly by splenic CD8+ T cells and is required for changes in immune 
cell populations and plasma cytokines

We next examined how IFNγ affected the systemic changes in immune cell populations 

observed. We found that changes in both T cell and myeloid populations were inhibited in 

IFNγ−/− mice (Figure 4A–D). Neither the changes in percent CD4+ T cells and CD8+ T 

cells (Figure 4A), nor the changes in CD11b+ (Figure 4C) or Ly6Cint monocyte populations 

(Figure 4D) were seen in nearly all tissues examined in IFNγ−/− mice. In these experiments, 

the increased percent CD8+CD44+ T cells only reached statistical significance in WT mice 
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in the lymph node and spleen, and IFNγ deficiency inhibited the increase in this population 

in the lymph node but not in the spleens of treated mice (Figure 4B).

Plasma cytokines were also evaluated in WT or IFNγ−/− mice. While IFNγ−/− did not 

completely inhibit the elevation of any cytokines evaluated, the mean concentration of IL-2, 

IL-6 and TNFα were all decreased in mNKG2D-2C11 treated IFNγ−/− mice compared with 

WT treated mice (Figure 4E).

Additionally, the development of pathology in mouse tissues was evaluated. Reduction in 

white pulp and marginal zone in mouse spleens occurred in 100% of mNKG2D-2C11 

treated mice regardless of whether they were WT or IFNγ−/− (Figure 4F). However, IFNγ−/− 

mice had increased baseline lymphocyte infiltration in the liver compared with WT mice. In 

the control treated WT group 0/6 mice were scored positive for lymphocyte infiltration in the 

liver and 6/6 were scored as having severe infiltration in the WT mNKG2D-2C11 treated 

group. In contrast, control treated IFNγ−/− mice had 2/5 (40%) scored as having mild 

lymphocyte infiltration. Despite this increased baseline infiltration, differences were 

observed when compared to the mNKG2D-2C11 treated IFNγ−/− group. In this group 1/6 

(17%) of mice had no infiltration, 2/6 (33%) had mild infiltration and 3/6 (50%) had severe 

infiltration (Figure 4G). These results indicated that there was an increase in liver 

lymphocyte infiltration in mNKG2D-2C11 treated IFNγ−/− mice. However, this increase in 

lymphocyte infiltration was blunted compared to mNKG2D-2C11 treated WT mice despite 

higher baseline infiltration. Suggesting that this phenotype is associated with toxicity 

development, in contrast to the loss in splenic white pulp, which occurred regardless of 

toxicity.

To determine the cellular source of IFNγ, we employed reporter mice which express YFP 

under the control of the IFNγ promoter. YFP expression was evaluated in NK and T cells at 

the peak of toxicity in the spleen, liver, blood, lymph node and tumor. This analysis 

indicated that CD8+ T cells in the spleen were the main source of IFNγ production, although 

NK cells also contributed. In the liver, there was also a trend for increased YFP expression 

in T cells (p=0.08) (Figure 4H–K). These data are consistent with the observation that 

pathology occurred in the spleen and liver, and likely reflects T cell activation in these 

organs, possibly in response to endogenous expression of NKG2D ligands.

Perforin minimally impacts changes in cellular immune populations

In contrast to IFNγ-deficient mice, perforin-deficient mice had very similar changes in T 

cell and myeloid populations compared with mice in the WT groups (Figure 5A–D). The 

only differences between perforin−/− mice in comparison with WT mice were in the blood 

and lymph node. Within these tissues, the trends in the T cell and myeloid populations were 

similar but failed to reach statistical significance in perforin−/− mice while changes were 

significant in WT mice when comparing mNKG2D-2C11 treated mice to the control groups 

(Figure 5C). However, all other cellular changes in both the T cell and myeloid compartment 

were similarly affected in WT and perforin−/− mice when treated with mNKG2D-2C11 

(Figure 5A, B,D). Analysis of plasma cytokines in the control versus treatment group of 

both WT and perforin−/− mice showed elevation of IFNγ, TNFα and IL-10. However, the 

increase in mean plasma concentration of IL-2 and IL-6 in control versus the 
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mNKG2D-2C11 treated group was reduced in perforin−/− mice compared with WT mice 

(Figure 5E). Additionally, pathology analysis in perforin−/− mice was similar to WT mice, 

with reduced white pulp and marginal zone in the spleen (6/6 mice, 100%) and severe 

lymphocyte infiltration in the liver portal tract (6/6 mice, 100%) (Figure 5F, G). These data 

have shown that IFNγ but not perforin is primarily responsible for driving the cellular and 

cytokine changes in immune populations. However, the effect of perforin deficiency on 

cytokine levels may explain the decreased toxicity observed in these mice.

Phagocytic cell inhibition or depletion reduced development of mNKG2D-2C11 mediated 
toxicity

In addition to changes in the T cell compartment, flow cytometry analysis revealed changes 

in the myeloid cell compartment. We sought to determine the impact of this population 

through clodronate depletion experiments. When compared to sham or control liposome 

treatment, mice injected with clodronate liposomes had reduced development of 

mNKG2D-2C11 induced toxicity. In the sham-treated group 11/12 (92%) of mice developed 

toxicity (at any point during evaluation), 9/11 mice (82%) treated with control liposomes, 

and only 3/11 mice (27%) in the clodronate-treatment group (Figure 6A). Therefore, several 

functional properties of macrophages were investigated. GM-CSF, IL-6 and iNOS all have 

important functional roles for myeloid cells and have also been implicated in development of 

toxicity in clinical and preclinical studies in subjects treated with T cell redirecting 

therapeutics(8, 16, 18, 28–30). Indeed, toxicity development was reduced in this model 

when GM-CSF deficient mice were tested (Figure 6B), but was unaltered in the presence of 

IL-6R blocking antibody (Figure 6C) or by pharmacological inhibition of iNOS with 1400W 

(Figure 6D). These data demonstrate a role for myeloid cells in the development of 

mNKG2D-2C11 mediated toxicity with partial contribution from GM-CSF, but not from 

IL-6 or iNOS.

Discussion

In this study, we have utilized an immunocompetent, syngeneic mouse tumor model to study 

the mechanisms contributing to toxicity induced by the T cell engaging bispecific 

mNKG2D-2C11. We established that mNKG2D-2C11 induces a transient, dose-dependent 

toxicity that coincides with high levels of plasma cytokines. Additionally, we demonstrated 

that IFNγ, produced primarily by CD8+ T cells in the spleen, is required for development of 

these CRS-like symptoms and changes in immune cells. We also establish that both CD4+ 

and CD8+ T cells as well as phagocytes contribute to the observed toxicity. Furthermore, 

data suggest that T cell cytotoxicity via perforin contributes to severity but is not required 

for development of this toxicity.

The toxicity observed was independent of a tumor and is likely the result of on-target off-

tumor toxicity, although it is difficult to pinpoint the source of the target. We did observe 

Rae1 expression in the liver as well as some indications of T cell activation in this tissue. 

Mouse NKG2D recognizes several ligands, including Rae1, H60 and Mult1 and there are 

several isoforms(31). The mRNA expression of NKG2D ligands is insufficient to predict 

surface expression, as NKG2D ligands are regulated at both the transcriptional and post 
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translational levels(31). A possible explanation for the systemic responses observed in this 

mouse model is that NKG2D-Ls may be present at very low levels in additional mouse 

tissues, such as the spleen. Alternatively, a T cell response against hepatocytes may act as a 

triggering event that induces myeloid cells to upregulate NKG2D-L, which may occur under 

stress conditions(26, 32–39).

One of the main strategies to manage toxicity of bsTCEs is to use a stepwise dosing 

schedule to reduce the frequency and severity of toxicities in patients treated with 

blinatumomab(40). Although the mechanism is not understood, this phenomenon is 

observed clinically after blinatumomab treatment(41) and has been observed in multiple 

other preclinical models(27, 42, 43). One of the main hypotheses is that many target 

expressing cells are depleted early in treatment, leading to reduced T cell activation and 

therefore cytokine release in subsequent cycles. However, it was recently shown ex vivo that 

a reduced cytokine response could still occur when fresh target cells were supplemented 

during repeated treatment cycles(27). Another possible explanation is that the initial T cell 

activation and cytokine release activate negative feedback mechanisms, such as PD-1 

expression(44), that restrain T cell cytokine release during subsequent dosing. Considering 

the dose responsiveness of mNKG2D-2C11 induced toxicity and that toxicity tapered off 

after the 3rd dose, it is possible that a stepwise dosing schedule would minimize toxicity. 

Other feedback mechanisms may limit unchecked T cell activation, such as IFNγ and IL-10, 

both of which were elevated and have been reported to downregulate the expression of 

NKG2D-Ls on mouse and human tumor cells(26, 45, 46).

While the pathophysiology of CRS is incompletely understood(9), some recent studies have 

identified several components that may be involved in the development of CRS. T cell 

derived IFNγ(9, 47, 48), TNFα(27, 49) and GM-CSF(29, 30) have all been identified as 

cytokines that may be involved in initiating the cascade leading to cytokine storm. The initial 

T cell cytokine release is thought to result in the activation of bystander cells, especially 

monocyte(28) and macrophage(50) populations. These myeloid cells have been shown to be 

the main producers of IL-1(27, 28, 50), IL-6(27, 28, 50) and NO(50), which can contribute 

to the development of CRS. Several of the studies implicating these cytokines in CRS 

development have been CAR T cell studies, including preclinical studies regarding GM-

CSF(29, 30), IL-1(28, 50), IL-6(28, 50) and NO(50). Although the clinical presentation of 

CRS in patients treated with bsTCEs is similar to CRS observed in CAR T cell–treated 

patients, caution should be used when extrapolating these results(27). These treatment 

modalities have some major differences, such as the kinetics of CRS onset and severity 

correlating with the magnitude of initial T cell activation (27). In this work, GM-CSF was 

not as critical a component in the development of CRS symptoms as has been observed for 

CAR T cells(29).

A recent study reported a mechanism of toxicity for a bsTCE where T cell derived TNFα 
mediated activation of myeloid cells, which drove the production of myeloid derived IL-1 

and IL-6(27). However this study did not show that the modulation of cytokines had a 

phenotypic manifestation on symptoms in the mice, making it difficult to determine if this 

these cytokine changes were sufficient to prevent CRS symptoms(27). Additionally, while it 

has been suggested that IFNγ plays an important role in initiating CRS(9), neither CAR T 
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cell studies nor bsTCE studies have directly shown a role of IFNγ in CRS. A murine model 

of cytokine release syndrome induced by treatment with an anti-CD3 monoclonal antibody 

(145-2C11) has shown that prophylactic treatment with an IFNγ blocking antibody 

protected mice against pathological changes. These symptoms correlated with inter-mouse 

strain differences in the ability of the strain to produce IFNγ(48). Here we show that IFNγ 
was required for the development of mNKG2D-2C11 bsTCE-induced toxicity. Given that 

IFNγ is a driving factor in the development of this CRS-like toxicity in mice and the 

correlation of IFNγ with the severity of clinical CRS(47), it is possible that IFNγ blockade 

would be effective in inhibiting CRS. Recently the IFNγ blocking antibody Gamifant 

(emapalumab-lzsg) was approved for the treatment of macrophage activation syndrome 

(MAS)(51) which shares many of the characteristics associated with severe CRS and CRS-

induced MAS. Although inhibition of IFNγ may mitigate toxicity, IFNγ is also a critical 

factor in mediating the anti-tumor immune response. However, in severe cases that are 

refractory to other treatment interventions this might be a viable option.

One of the most consistent factors between preclinical models of CRS is the involvement of 

the myeloid population. This likely represents the ideal breakpoint to intervene in the 

development of toxicity, either upstream of monocyte/macrophage activation, or through its 

down-stream mediators. However, depletion of this population may be a suboptimal strategy, 

as one CAR T cell study using clodronate to mitigate CRS symptoms also showed that the 

anti-tumor response was reduced by this treatment(52). Clinical data indicate that IL-6 

blockade is not universally effective in reversing symptoms and preventing cytokine release–

related death(27, 53–55). Cases of CRS that are refractory to both tocilizumab and 

glucocorticoids support the need to identify additional therapeutic interventions to treat 

CRS(9, 56).

In summary, this work has investigated systemic immune changes occurring during toxicity 

induced by the mNKG2D bsTCE. We have found activation of both T cell and myeloid 

populations, and we show a critical role for T cell derived IFNγ in initiating this toxicity. 

The lack of impact of IL6R blockade may make this model ideal to identify addition points 

that could be therapeutically targeted. Together, these findings shed light on the molecular 

mediators of mNKG2D-2C11 induced toxicity and set the stage to elucidate additional 

druggable targets for the inhibition of bsTCE induced toxicity.
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Key Points

• Toxicity induced by a bsTCE was mediated by CD4+, CD8+ T cells and 

myeloid cells

• IFNγ was required for modulation of T cell and myeloid populations and 

toxicity

• Toxicity was reduced by perforin or GM-CSF deficiency and phagocyte 

depletion
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Figure 1: Kinetics and dose response of mNKG2D-2C11 induced toxicity.
(A) Diagram showing construction of treatment (mNKG2D-2C11) and control (TZ47-2C11) 

bsTCEs. (B-D) MC38 (1x106) cells were injected s.c. into WT B6 mice. Treatment was 

initiated when tumors reached approximately 40mm2. (B) Mice received a total of four 10μg 

i.v injections of bsTCE every other day. (Left) Health scoring was blinded and evaluated 3h 

and 24h after each treatment. (Right) Weight, normalized to day 0, at the indicated time 

points. Data pooled from 7 experiments (n=30) (C) Mice received a total of four i.v. 

injections of either 2, 5 or 10μg bsTCE every other day. Health scoring was blinded and 
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evaluated every hour for the first 8h and then 24h after each treatment. Data pooled from 2 

experiments (n=8). (D) Tumor or non-tumor bearing WT B6 mice received a total of four 

10μg i.v injections of bsTCE every other day. Health scoring was blinded and evaluated 3h 

and 24h after each treatment. Data are pooled from two experiment (n=8). (E) 

Representative images of Rae1 positive staining in the liver of B6 mice or contiguous tissue 

sections blocked with recombinant Rae1. Slides counterstained with methylene blue. Health 

scores in B and D are shown +/− SD, weight and C are shown +/− SEM. Statistical 

significance determined by repeated measures two-way ANOVA with Bonferroni’s multiple 

comparisons test (B, C) or with Tukey multiple comparisons test (D). * p<0.05, *** 

p<0.001, NS = not statistically significant.
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Figure 2: mNKG2D-2C11 mediated toxicity is associated with elevated plasma cytokines and 
changes in T cell and myeloid populations.
MC38 (1x106) cells were injected s.c. into WT B6 mice. Subsequently, mice received a total 

of three 10μg i.v injections of bsTCE every other day. 3h after the 3rd bsTCE injection: 

(A,B) Plasma was collected and analyzed by multiplex cytokine array. (A) All cytokines 

evaluated are shown ranked by greatest fold change between mNKG2D-2C11 and control 

treated mice. Dashed line indicates a fold change greater than 2. All cytokines above this 

threshold were significantly different from the control group by unpaired two tailed Mann-

Whitney test. (B) Plasma concentration of select cytokines shown as mean +/− SD. Data 
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pooled from two experiments (n=8). (C,D) Tissues were paraffin embedded, sectioned and 

stained with hematoxylin and eosin. (C) Representative images of spleens (above) or livers 

(below) are shown. (D) Percent of mice displaying each phenotype are shown. Statistical 

significance determined by two-tailed Fisher’s exact test performed on the number of mice 

with each phenotype. Data pooled from six experiments with n=17-21. (E-H) Flow 

cytometry was performed to analyze cell populations in the indicated tissues. (E) 

Representative flow plots showing changes in T cell and myeloid populations in the spleen. 

The indicated cell populations are shown as a %CD3+ cells in (F), %CD8+ T cells in (G), 

%CD45+ cells in (H) and (I) shows Ly6C+ populations (CD11b+Ly6G−F4/80−) as %CD11b
+ cells. Data pooled from 4 experiments (n=9-12). Statistical significance determined by 

unpaired t test without assuming a consistent SD. Error bars show mean +/− SD. * p<0.05, 

** p<0.01, *** p<0.001, NS=not statistically significant.
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Figure 3: T cell activity and function are required for mNKG2D-2C11 induced toxicity.
MC38 (1x106) cells were injected s.c. into WT B6 mice. Subsequently, mice received a total 

of four 10μg i.v injections of bsTCE every other day. Health scoring was blinded and 

evaluated 3h after each treatment and additionally after 24h where indicated. (A) Experiment 

was conducted in WT or Rag−/− mice. (B) Mice received 200μg i.p. of CD4 or CD8 

depleting mAb or immunoglobulin control one day prior to the first injection of bsTCE. (C) 

Experiment was conducted in WT or IFNγ−/− mice. (D) Experiment was conducted in WT 

or perforin−/− mice. Figure legend notation indicates (#mice developing toxicity/total 

treated). In A-C data pooled from 2 experiments (n=7-8). In D, data pooled from 5 

experiments (n = 20-22). All data are shown +/− SD. Statistical significance determined by 

repeated measures two-way ANOVA with Tukey multiple comparisons correction. * p<0.05, 

** p<0.01, *** p<0.001, NS=not statistically significant.
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Figure 4: IFNγ is produced mainly by splenic CD8+ T cells and is required for changes in 
immune cell populations and plasma cytokines.
MC38 (1x106) cells were injected s.c. into WT or IFNγ−/− mice. Subsequently, mice 

received a total of three 10μg i.v injections of bsTCE every other day. 3h after the 3rd 

bsTCE injection, flow cytometry was performed to analyze cell populations in the indicated 

tissues. The specified cell populations are shown as a % of CD3+ cells (A), %CD8+ cells 

(B), %CD45+ cells (C) and %CD11b+ T cells in (D). Blood was also collected and analyzed 

for plasma cytokines by multiplex bead array (E). Data pooled from 2 experiments (n=6). 

Error bars show mean +/− SD. (F,G) Tissues were paraffin embedded, sectioned and stained 
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with hematoxylin and eosin. (F) Percent of mice with spleen pathology. Data from one 

experiment, n=3. (G) Percent of mice with liver pathology. Data from two experiments, 

n=5-6. (H-K) Tissues from IFNγ reporter mice treated as in A-D were analyzed by flow 

cytometry for YFP expression (indicating IFNγ production). (H) Quantification of the YFP+ 

cells as a percent of CD45+ cells for each population. (I-K) Representative flow plots are 

shown with splenic YFP+ NK cells shown in (I), Splenic T cells shown in (J) and liver T 

cells shown in (K). Data pooled from 2 experiments (n=7). For A-D statistical significance 

determined by two-way ANOVA with Tukey multiple comparison correction. For E, 

significance determined by Kruskal-Wallis test with Dunn’s post test. In I, significance 

determined by unpaired t test without assuming a consistent SD. * p<0.05, ** p<0.01, *** 

p<0.001
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Figure 5: Perforin minimally impacts changes in cellular immune populations.
MC38 (1x106) cells were injected s.c. into WT or Perforin−/− mice. Subsequently, mice 

received a total of three 10μg i.v injections of bsTCE every other day. 3h after the 3rd 

bsTCE injection, flow cytometry was performed to analyze cell populations in the indicated 

tissues. The indicated cell populations are shown as a % of CD3+ cells (A), %CD8+ T cells 

(B), %CD45+ cells (C) and %CD11b+ cells (D). Blood was also collected and analyzed for 

plasma cytokines by multiplex bead array (E). Data pooled from 2 experiments (n=6). Error 

bars show mean +/− SD. (F,G) Tissues were paraffin embedded, sectioned, stained with 

hematoxylin and eosin and evaluated by a pathologist blinded to treatment. (F) Percent of 

mice with spleen pathology. (G) Percent of mice with liver pathology. Statistical significance 

determined by two-tailed Fisher’s exact test performed on the number of mice with each 

phenotype. Data from two experiments, n=6. For A-D statistical significance determined by 

one-way ANOVA with Tukey multiple comparison correction. For E, significance 

determined by Kruskal-Wallis test with Dunn’s post test * p<0.05, ** p<0.01, *** p<0.001
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Figure 6: Phagocytic cell depletion or GM-CSF deficiency reduce development of 
mNKG2D-2C11 mediated toxicity.
MC38 (1x106) cells were injected s.c. into WT B6 mice. Subsequently, mice received 10μg 

i.v injections of bsTCE every other day. Health scoring was blinded and evaluated 3h after 

each treatment and additionally after 24h where indicated. (A) Mice received 200μl i.v. of 

clodronate, control liposomes or HBSS one day prior to the first injection of bsTCE. Data 

pooled from 3 experiments (n = 8-12). (B) Experiment was conducted in WT or GM-CSF−/− 

mice. Data pooled from 2 experiments (n = 8-9). (C) Mice received 200μg i.p. of IL-6R 

blocking mAb or isotype 3h prior to the third injection of bsTCE. Data pooled from 2 

experiments (n = 8). (D) Mice received 100μg i.p. of the iNOS inhibitor 1400W or HBSS 

either daily or 5h prior to 2nd and 3rd injections of bsTCE. Data pooled from 2 experiments 

(n=8). All data are shown +/− SD. Statistical significance determined by repeated measures 

two-way ANOVA with Tukey multiple comparisons test (A, B, D) or with Bonferroni’s 

multiple comparisons test (C). * p<0.05, ** p<0.01, *** p<0.001, NS=not statistically 

significant.
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