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The Journal of Immunology

Mechanisms of Acute Toxicity in NKG2D Chimeric Antigen
Receptor T Cell–Treated Mice

Marie-Louise Sentman,* Joana M. Murad,† W. James Cook,* Ming-Ru Wu,*

Jake Reder,† Susanne H. Baumeister,‡,x,{,‖ Glenn Dranoff,‡,# Michael W. Fanger,† and

Charles L. Sentman*

Targeting cancer through the use of effector T cells bearing chimeric Ag receptors (CARs) leads to elimination of tumors in

animals and patients, but recognition of normal cells or excessive activation can result in significant toxicity and even death. CAR

T cells based on modified NKG2D receptors are effective against many types of tumors, and their efficacy is mediated through

direct cytotoxicity and cytokine production. Under certain conditions, their ligands can be expressed on nontumor cells, so a better

understanding of the potential off-tumor activity of these NKG2D CAR T cells is needed. Injection of very high numbers of

activated T cells expressing CARs based on murine NKG2D or DNAM1 resulted in increased serum cytokines (IFN-g, IL-6, and

MCP-1) and acute toxicity similar to cytokine release syndrome. Acute toxicity required two key effector molecules in CAR T cells—

perforin and GM-CSF. Host immune cells also contributed to this toxicity, and mice with severe immune cell defects remained

healthy at the highest CAR T cell dose. These data demonstrate that specific CAR T cell effector mechanisms and the host immune

system are required for this cytokine release–like syndrome in murine models. The Journal of Immunology, 2016, 197: 4674–4685.

C
himeric Ag receptor (CAR)–targeted T cells have re-
cently shown remarkable clinical responses against
B cell leukemias (1–6). CARs combine a recognition

domain (e.g., scFv) with intracellular signaling domains to create
an activating receptor to target a large number of T cells against a
patient’s tumor. Both direct tumor cell killing and cytokine pro-
duction are involved in CAR T cell efficacy in immune intact
tumor models (7, 8). Several different CAR strategies to target
tumors are in various stages of development (9–14). However,
CAR T cells also have the potential to cause harm. Tumor lysis
syndrome, recognition of ligands on nontumor cells leading to
tissue damage, cross-reactivity with normal proteins by modified
CARs, and cytokine release syndrome (CRS) have been docu-
mented and can be severe (15–17). Activation of CAR T cells and
the production of effector molecules are required for CAR T cell

efficacy. A better understanding of mechanisms of toxicity, par-
ticularly the drivers of CRS, is vital to improve clinical outcomes
and further develop these promising cell therapies.
NK cells recognize and kill a variety of tumor cells using evolu-

tionarily optimized receptors, and several CARs have been developed

based on these, including NKG2D and DNAM-1 CARs (18–21). This

class of CARs recognizes the natural ligands of these NK cell re-

ceptors. CAR T cells not only kill ligand-expressing tumor cells, but

they activate innate and adaptive host immunity through CAR T cell

production of cytokines. This activation of host myeloid and lym-

phoid cells is involved in NKG2D CAR T cell efficacy (22–24).

Human NKG2D recognizes MICA, MICB, and ULBP1–6 on human

cells, whereas murine NKG2D binds to Rae1 proteins, H60 proteins,

and MULT1 in mice (25). These ligands are thought to be expressed

on the cell surface in low amounts and on few tissues and not at all on

most healthy tissues, although they can be induced by acute infection,

irradiation, and chemotherapeutic agents through mechanisms in-

volving the ATM/ATR DNA repair pathways (19, 26–30). DNAM1 is

a receptor that recognizes PVR and Nectin-2, ligands that are

expressed on several normal tissues, including lung epithelium (31,

32). These molecules are often highly upregulated on many tumor

types and are involved in NK cell killing of tumors (33–35). Because

NKG2D ligands are highly overexpressed on many types of human

tumors, they are attractive targets for cancer therapy, and a number of

CAR and Ab-like approaches are under development to target them

(18, 36–39).
Although attractive targets for immunotherapy, the potential of

NKG2D ligands to be induced or expressed during immunotherapy

resulting in off-tumor on-target toxicity remains unknown. One of

the major challenges of immunotherapy is the potential to over-

activate the immune system, such as occurs during CRS. To better

understand how CAR T cells may activate immune-mediated

toxicity, dose-escalation studies using NK cell receptor–targeting

CAR T cells in immune intact animals were performed. This study

demonstrates that high-dose injection of NKG2D CAR or

DNAM1 CAR T cells can result in CRS-like responses in mice

that are similar to those seen in many patients given CAR T cells.
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Furthermore, it elucidates key effector mechanisms from NK cell
receptor–based CAR T cells that lead to this immune-mediated
illness and shows how host cells and molecules are involved.
These murine models may provide a system to test potential
therapies to prevent or limit CRS-like responses. These findings
implicate both CAR T cells and host immune cells as required
contributors to the development of acute immune-related toxicity.

Materials and Methods
Animals

C57BL/6 (B6) mice were purchased from the National Cancer Institute
(Frederick, MD) or The Jackson Laboratory (Bar Harbor, ME). Perforin-
deficient mice C57BL/6-Prf1tm1Sdz/J (Pfp2/2), IFN-g–deficient mice
B6.129S7-Ifngtm1Ts/J (IFN-g2 /2), IFN-g receptor–deficient mice
B6.129S7-IfngR1tm1Agt/J (IFN-g R2/2), IL-1R–deficient mice B6.129S7-
Il1r1tm1Imx/J (IL-1R2/2), IL-6–deficient mice B6.129S2-Il6tm1Kopf/J (IL-
62/2), IL-2Rg-chain–deficient mice B6.129S4-Il2rgtm1Wjl/J (IL-2Rg2/2),
Cd1d1-deficient mice B6(C)-Cd1d1tm1.2Aben/J (CD12/2), BALB/cJ, DBA/
1J, DBA/2J, A/J, 129S1/SvImJ, and (B6 3 129)F1 and immune-deficient
mice B6.129P2(SJL)-MyD88tm1.1Defr/J (MyD882/2), B6.129S7-Rag1tm1Mom/J
(Rag2/2), NOD/ShiLtJ (NOD), and NOD.CB17-Prkdcscid/J (NOD-SCID)
were obtained from the The Jackson Laboratory. NOD.Cg-Prkdcscid

Il2rgtm1Wji/SzJ (NOD/SCID/IL-2Rg–deficient [NSG]) mice were maintained at
the Geisel School of Medicine (Lebanon, NH); NKG2D-deficient mice on a
B6 background (NKG2D2/2) were provided by Dr. David Raulet (Univer-
sity of California, Berkeley, CA). DR5-deficient mice on a B6 background
(DR52/2) were provided by Dr. Tak Mak (University of Toronto, Toronto, ON,
Canada). GM-CSF–deficient mice were a B6/129/FVB mixed background
(GM-CSF2/2) and were provided by Dr. Jeff Whitsett (University of Cincin-
nati, Cincinnati, OH). Mice used in experiments were between 7 and 12 wk of
age. All animal work was performed in the Geisel School of Medicine Animal
Facility in accordance with institutional guidelines.

Cell lines

RMA and RMA-RG cells are B6-derived murine T cell lymphoma cells.
RMA-RG cells express Rae1 and GFP, whereas parental RMA cells do not.
ID8 cells are B6-derived ovarian cancer cells and express Rae1. MC38 is a
murine colon cancer cell line and expresses ligands for DNAM1. All cell
lines tested negative for mycoplasma by PCR.

Generation of CAR-expressing T cells

CAR T cells were generated by viral transduction of mouse splenocytes, as
described previously (23, 40). Mouse splenocytes were stimulated with
Con A for 18–20 h (0.75 mg/ml, lot 177K700 or 1 mg/ml, lot SLBB841V;
Sigma-Aldrich), retrovirally transduced with wild-type NKG2D
(wtNKG2D) (that expresses the full-length murine NKG2D protein) or
chimeric NKG2D (chNKG2D) (that expresses a full-length NKG2D protein
fused to the cytoplasmic portion of CD3z) virus as previously described,
and injected into mice 8 d after activation. Cells were grown in RPMI 1640
(HyClone) supplemented with 10% heat-inactivated FBS (Atlanta Bio-
logicals, Atlanta, GA), 100 U/ml penicillin, 100 mg/ml streptomycin
(HyClone), 1 mmol/l pyruvate, 10 mmol/l HEPES, 0.1 mmol/l nonessen-
tial amino acids (Corning), and 50 mmol/l 2-ME (Sigma-Aldrich).

Animal studies

RMA-RG tumor cells (105 cells) in 0.4 ml of HBSS (HyClone) were in-
jected i.v. into B6 mice on day 0. On day 5, a dose of 0, 5, 10, or 20 3 106

full-length wtNKG2D or NKG2D CAR (chNKG2D) T cells in HBSS was
injected into tumor-bearing or non–tumor-bearing mice. In some experi-
ments, one to three doses of 107 wtNKG2D, chNKG2D, DNAM1 CAR
(D28z), or mock T cells in 0.4 ml of HBSS or HBSS alone were admin-
istered i.v. into tumor-bearing or non–tumor-bearing mice. For multidose
experiments, a fresh cell dose was manufactured for each T cell injection.
A single dose of 2 3 107 wtNKG2D or chNKG2D T cells derived from
B6, 129, (B6 3 129)F1, or gene-deficient mice in 0.4 ml of HBSS was
injected i.v. into mice with different genetic backgrounds or gene defi-
ciencies. B6 mice were injected at the same time as controls. Mice were
euthanized after 18 h. A single dose of 107 DNAM1-based CAR T cells or
mock T cells derived from B6, (B6 3 129)F1, IFN-g–, GM-CSF–, or
perforin-deficient mice were injected into mice i.v. Furthermore, mice were
treated with Abs to deplete specific cell populations, and the extent of cell
depletion was confirmed by flow cytometry (data not shown). Mice were
weighed prior to T cell injection and then two to three times per week until

the time of euthanasia. Serum samples were taken and analyzed for cy-
tokines and other analytes, as indicated in the Results.

Health status

The health status of mice was graded on a scale from 1 to 4 as follows: 1,
normal and healthy; 1.5, some lethargy, walking a bit slowly; 2, moving
slowly and (in tumor-bearingmice) a slight dragging of a limb; 2.5, hunched
posture, moving slowly, and (in tumor-bearing mice) dragging limbs; 3,
hunched posture with little movement; 3.5, little movement upon touch; 4,
death.

Depletion of specific cell populations

For NK cell depletion studies, 50 mg of anti-NK1.1 (clone PK136; eBio-
science) or control mouse g-globulin (Jackson ImmunoResearch Labora-
tories, West Grove, PA) was injected i.p. 2 d before T cell injection.
Depletion of NK cells was confirmed by flow cytometry by analysis of
splenocytes for CD49b+CD32 cells. To deplete neutrophils, 500 mg of
anti–mLy-6G (clone IA8; Bio X Cell, Lebanon, NH) or control mouse
g-globulin (Jackson ImmunoResearch Laboratories, West Grove, PA) was
injected i.p. 1 d prior to T cell injection. Depletion of polymorphonuclear
neutrophils (PMNs) was confirmed by flow cytometric analysis of
splenocytes.

Serum analysis

Mouse serum was collected via tail bleeding or cardiac puncture, and
samples were allowed to coagulate for 1 h and then spun at 16,400 relative
centrifugal force for 15 min and the serum was frozen at 220˚C. Samples
from days 3, 5, and the day of euthanasia were analyzed by multiplex
cytokine analysis for G-CSF, IFN-g, IL-1b, IL-6, IL-10, MCP1, MIG, and
MIP-1b by DartLab2, and for soluble aspartate aminotransferase (AST) or
serum creatinine by ACE Alera (Alfa Wasserman, Wilmington, MA).

Histology

Dissected tissues were fixed in 10% formalin. Paraffin sections were
generated and stained with H&E by the Pathology Research Resource at
Dartmouth–Hitchcock Medical Center. Histological analysis and scoring
was performed in an independent and blinded manner by Charles River
Laboratories Animal Pathology Services (Cambridge, MA). Eight tissues
were taken for analysis from each mouse: heart, lungs, liver, kidney, large
intestine, small intestine, pancreas, and spleen. Tissues were rated as
normal or pathology was noted, which was graded 1 (mild), 2 (moderate),
or 3 (severe). When insufficient tissue was available for scoring from a
particular mouse, this tissue was absent from the analysis but other tissues
from the mouse were scored. A summary table of the scoring is provided in
Supplemental Tables III and IV.

Flow cytometry

Cell phenotyping of transduced primary T cells was determined by staining
with specific Abs: FITC-conjugated anti-CD3ε (clone 145-2C11; eBio-
science), allophycocyanin-conjugated anti-NKG2D (clone CX5; eBio-
science), PE-conjugated anti-CD8b (clone CT-CD8b; BioLegend),
allophycocyanin-conjugated anti-CD4 (clone RM4-5; eBioscience), or
allophycocyanin- or PE-conjugated isotype control Abs (eBioscience). All
samples were preincubated with FcR block Ab (anti-mouse CD16/CD32,
clone 93; eBioscience) to reduce nonspecific staining. Cells were analyzed
using an Accuri C6 flow cytometer (BD Biosciences, Ann Arbor, MI).

Cytokine production and cytotoxicity by CAR T cells

wtNKG2D or chNKG2D T cells (105) were cultured with RMA, RMA-RG,
and ID8 tumor cells at a 1:1 (RMA, RMA-RG) or 1:4 (ID8) ratio (105 T cells)
or in media alone. Cell-free conditioned media were collected after 24 h and
assayed for IFN-g using mouse DuoSet ELISA kits (R&D Systems). Cyto-
toxicity was determined by a 4-h 51Cr-release assay, as described (21). Co-
culture was performed at E:T ratios of 25:1, 5:1, and 1:1 in triplicate wells.

Statistical analysis

Each experiment was done at least twice with three to five animals per group
in each experiment. Data are shown as combined data from the experiments,
and statistical analysis was done on the complete dataset. Hence, data from 6
to 10 individual animals are shown from a given analysis. A Student t test
was used to compare differences between groups using a two-tailed test
assuming unequal variance. To compare multiple groups, ANOVA was
performed using a nonparametric Kruskal–Wallis test with a Dunn test for
multiple comparisons. For analysis of cell cytotoxicity in vitro, a one-way
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ANOVA with a Dunnett method for multiple comparisons was used. Any
individual mouse that did not receive a full injection of cells was removed
from the experiment and further analysis at that time. Values of p , 0.05
were considered significant (Prism software; GraphPad Software, San
Diego, CA).

Results
Determination of the maximum tolerated dose

To evaluate tumor-dependent, receptor-specific, and nonspecific
toxicity after injection of NKG2D CAR T cells, dose escalation
studies in tumor-bearing and non–tumor-bearing mice were con-
ducted (Fig. 1A). Based on an effective dose of 5 3 106 CAR
T cells from previous studies (7, 41), 5 3 106, 107, or 2 3 107

wtNKG2D T cells, NKG2D CAR T cells, or HBSS were injected
into mice i.v. Only mice receiving NKG2D CAR T cells at the
highest dose appeared ill. These mice were euthanized between 6
and 20 h after T cell injection and had an average health status of
2.6 (1–4 scale) at the time of euthanasia (Fig. 1B). This occurred
in both tumor-bearing and non–tumor-bearing mice. None of the
mice receiving lower doses of NKG2D CAR T cells, any dose of
wtNKG2D T cells, or HBSS showed outward signs of toxicity.
Compared to control mice, there was a decrease in body weight
1 d after the injection of 2 3 107 or 107 NKG2D CAR T cells
(Fig. 1C–H). The average drop in body weight was 7.0 and 6.7%,
respectively. Although weight loss was typical, it was not ob-
served in every experiment. However, only mice given the highest
CAR T cell dose exhibited signs of overt illness. Mice given 107

NKG2D CAR T cells showed no outward signs of illness and
began to gain weight on day 2 postinjection. In tumor-bearing
mice given 5 3 106 NKG2D CAR T cells, there was a small
decrease in body weight (2.6%) after 1 d, which quickly recov-
ered, but there was no change in weight for non–tumor-bearing
mice given 5 3 106 CAR T cells.

Assessment of toxicity following multidoses at the maximum
tolerated dose

To determine whether multiple injections of CAR T cells would
result in toxicity due to accumulation of T cells, tumor-bearing and
non–tumor-bearing mice were treated with up to three injections
of 107 wtNKG2D T cells, 107 NKG2D CAR T cells, or HBSS. No
signs of toxicity were observed due to T cell injection during 30 d.
Because most of the control tumor-bearing mice had to be eu-
thanized due to tumor growth before the third T cell injection, they
only received two T cell doses. We observed a decrease in body
weight (5.6%) 1 d after injection of 107 NKG2D CAR T cells but
not in mice given wtNKG2D T cells or HBSS (Fig. 1I, 1J). No-
tably, this occurred after the first cell injection only. We observed
no differential body weight changes after the second or third
NKG2D CAR T cell injection compared with controls. Thus,
multiple doses of NKG2D CAR T cells were well tolerated.

Analysis of serum analytes

To understand the physiological effects of NKG2D CAR T cell
injection, specific serum analytes were measured. RMA-RG tu-
mor cells localize in the liver and kidney, and AST values increased
in tumor-bearing mice at later stages of disease. In tumor-bearing
mice, the AST values from mice given wtNKG2D T cells or
NKG2D CART cells were different 3 d after T cell infusion (day 8),
but the NKG2D CAR T cell–treated and HBSS-treated groups had
similar AST values. In mice without tumors, the AST values were
not affected by T cell treatment. Even when acute illness was ob-
served after the high-dose injection of NKG2D CAR T cells, there
were no significant differences in AST values compared with the
control groups. Creatinine values did not change, regardless of
T cell injections or tumor growth (Supplemental Table I). Overall,

treatment with NKG2D CART cells did not appear to affect kidney
or liver function.
There were no significant differences in serum cytokine amounts

(IL-6, IFN-g, MCP-1, TNF-a) 3, 8, or 12 d after injection of
NKG2D CAR T cells compared with controls (Supplemental
Table II). Only in mice injected with 2 3 107 NKG2D CAR
T cells were clinical signs of illness observed (mean health score
of 3.1, Fig. 2A). An analysis of cytokines 20 h after injection of
CAR T cells showed an increase in G-CSF, IL-6, IFN-g, MCP-1,
IL-10, and MIG, with the highest cell dose having significant
increases compared with controls (Fig. 2B).

Analysis of histopathology

Despite their health status, mice treated with 23 107 NKG2D CAR
T cells exhibited little pathology. The liver, pancreas, small intes-
tine, large intestine, heart, and kidney appeared similar to
wtNKG2D T cell– and HBSS-treated mice (see Supplemental
Tables III, IV). There was no infiltration of leukocytes in these
tissues. In the spleen, mild single-cell necrosis of lymphocytes in
the white pulp of the spleen was evident in ∼40% of the mice (11 of
26) treated with NKG2D CAR T cells from five independent ex-
periments. In tumor-bearing mice, there was evidence of tumor
infiltration in the liver and occasionally the kidney, as expected.
Lung tissue from both wtNKG2D and NKG2D CAR T cell–treated
mice had more lymphocytes, as may be anticipated after a large
infusion of lymphocytes. There was no increase in cells or debris
within the alveoli or airways. The epithelial cells and cells lining the
alveoli were intact with no evidence of sloughing or death. In the
multidose treatment experiments in tumor-bearing mice, mice from
all groups showed undifferentiated round cells with atypical nuclear
and cytotological features suggestive of neoplasia, and the most
frequently affected tissues were liver, kidney, and lung. Splenic
involvement or extramedullary hematopoietic activity was noted in
a few mice treated with the CAR T cells in tumor-bearing mice.
Noted observations in the exocrine pancreas of occasional mice in
one multidose experiment were considered secondary to debility
associated with the presence of neoplastic cells. Two of the CAR
T cell–injected mice showed neutrophilic infiltration of the alveolar
walls in one experiment, and one single mouse from each treatment
group over these nine experiments showed alveolar hemorrhage in
the lungs, each in different experiments. There was no evidence of
lysis of tissues or infiltration of lymphocytes into specific tissues
after injection of NKG2D CAR T cells. These findings of high
amounts of serum inflammatory cytokines and no obvious tissue
damage are consistent with CRS.

The role of CAR T cell effector mechanisms in acute toxicity

To determine which effector mechanisms of CAR T cells con-
tributed to CRS, 2 3 107 NKG2D CAR T cells derived from mice
that were deficient in perforin, IFN-g, or GM-CSF were injected
into mice. These molecules are needed for full efficacy of NKG2D
CAR T cells (7, 8). We observed that mice injected with IFN-g–
deficient CAR T cells became acutely ill, similar to mice given B6
CAR T cells. However, when B6 mice were injected with NKG2D
CAR T cells derived from GM-CSF– or perforin-deficient mice,
there was no sign of illness or change in body weight (Fig. 3A).
Analysis of serum cytokines 20 h after T cell injection showed that
inflammatory cytokines (G-CSF, IL-6, IL-10, and MCP-1) were
increased in the serum of mice treated with IFN-g–deficient
NKG2D CAR T cells compared with wtNKG2D T cell–treated
mice. CAR T cells that lacked either perforin or GM-CSF resulted
in much lower amounts of cytokines in the serum, which was
consistent with their lack of CRS (Fig. 3B–D). MIG, which is
induced by IFN-g, was a notable exception and remained elevated.
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The role of host immune cells

To investigate the role of host immune cells in this process, NSG mice,
NOD/SCID mice, IL-2Rg–deficient mice, and Rag-1–deficient mice
were injected with a high dose (23 107 cells) of either NKG2D CAR
T cells or wtNKG2D T cells. The NSG and NOD/SCID mice
remained healthy throughout the experiment, whereas the NOD, Rag-
1–deficient, and IL-2Rg–deficient mice became acutely ill and lost

body weight after receiving the high dose of NKG2D CAR T cells,
similar to B6 mice (Fig. 4A–C). In addition to their lack of T cells and

B cells, the NSG and NOD/SCID mice also have significant alterations

in inflammatory and myeloid cell responses. NK cells and neutrophils

can be involved in rapid immune responses in vivo. Treatment of B6

mice with Abs to deplete NK cells (anti-NK1.1 mAbs) or neutrophils

(anti-Ly6G mAbs), prior to injection of a high dose of NKG2D CAR

FIGURE 1. Determination of max-

imum tolerated dose (MTD) for

NKG2D CAR T cells. (A) Overview

of approach to determine MTD for

single and multidose treatment with

murine NKG2D CAR T cells. (B)

The health score for mice injected

with 2 3 107 wtNKG2D T cells

(WT) or NKG2D CAR T cells (CH)

in non–tumor-bearing (lower) and

tumor-bearing (upper) mice is shown.

Each symbol represents an individu-

al mouse at the time of euthanasia.

(C–J) The percentage change in ini-

tial weight in the days following in-

jection of NKG2D CAR T cells,

wtNKG2D T cells, or HBSS is plot-

ted for 3–28 d after T cell injection.

Average values for each group are

shown (n = 10 per group). Mice were

treated with a single dose of 5 3 106

T cells (C and D), 107 T cells (E and

F), or 23 107 T cells (G and H). Mice

were RMA tumor bearing (C, E, and

G) or non–tumor bearing (D, F, and

H). (I) RMA tumor-bearing mice

(RMA cells i.v. at day 25) were in-

jected with 107 T cells or HBSS on

days 0 and 7. (J) Non–tumor-bearing

mice were injected with 107 T cells

or HBSS on days 0, 7, and 14. Data

are from two independent experi-

ments (n = 10 per group). A Student t

test was used to compare differences

between groups using a two-tailed

test assuming unequal variance. *p ,
0.05, **p , 0.01, ***p , 0.001

compared with wild-type. CH,

NKG2D CAR T cells; MTD, maxi-

mum tolerated dose; WT, wtNKG2D

T cells.
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T cells, did not affect the development of CRS (Fig. 4D). Taken to-
gether, these data indicate that mice that had defective myeloid cells,
T cells, and B cells did not develop CRS, but mice with more re-
stricted deficiencies in immune cell populations did develop CRS.

The role of host cytokines

To determine whether specific cytokines shown to be elevated in the
serum of NKG2D CAR T cell–treated mice were essential for de-
velopment of CRS, 2 3 107 NKG2D CAR T cells or wtNKG2D
T cells were injected into mice deficient in IL-1R, IL-6, GM-CSF,
IFN-g, or IFN-gR. All mice treated with the high dose of NKG2D
CAR T cells lost weight and became acutely ill, similar to B6 mice
(Fig. 5A, 5B). Whereas IL-1 and IL-6 are involved in the acute in-
flammatory response, the data indicate that the host’s ability to
respond to IL-1 or produce IL-6 was irrelevant to the outcome. GM-
CSF from the CAR T cells was essential for induction of the CRS-
like response, but the host did not need to produce GM-CSF for
illness to occur. This suggests that GM-CSF is essential early in the
induction of acute inflammation, but host production was not re-
quired. CAR T cells produce a significant IFN-g response and this is
key for antitumor immunity, yet neither the production of IFN-g nor
the response to the IFN-g present by the host was necessary for CRS-
like illness. Similarly, hosts deficient in NKG2D, DR5 (TRAIL re-
ceptor), or MyD88 also developed CRS after injection of a high dose of
NKG2D CAR T cells (Fig. 5C, 5D). Although the host’s endogenous

NKG2D+ cells might contribute to the acute inflammatory response,
the absence of host NKG2D did not alter the extent of the illness.
MyD88 is a key signaling molecule in responses of TLRs that leads
to production of proinflammatory cytokines, such as TNF-a and IL-
12 (42). However, the absence of MyD88 did not affect the devel-
opment of the CRS-like illness, indicating that this signaling pathway
was not essential in the acute illness observed (Table I).

The role of genetic background

Because NOD/SCID and NSG mice have a different genetic back-
ground than doB6mice, we testedwhether NKG2DCARTcells would
result in CRS in other mouse strains. Injection of 23 107 NKG2D
CAR T cells derived from B6 mice resulted in a CRS response in
BALB/c, A/J, DBA1, and DBA2 recipients (Fig. 5E). DBA/1 and
A/J mice have a defect in the C5 component of the complement
cascade, which when activated produces a powerful anaphyla-
toxin and is necessary for the generation of the membrane attack
complex. However, there was no difference in the observed re-
sponse in DBA/1 or A/J mice compared with the other mouse
strains tested. When the NKG2D CAR was expressed in 129/Sv
or (B6 3 129)F1 T cells and injected at a high dose into B6
recipient mice, the mice all exhibited a CRS similar to when B6
T cells were used as a source of NKG2D CAR T cells (Fig. 5F).
Thus, there were no differences in the CRS response when an
allogeneic or F1 combination was used.

FIGURE 2. Serum cytokines of mice injected with NKG2D CAR T cells. HBSS, NKG2D CAR T cells (CH), or wtNKG2D T cells (WT) were injected

i.v. into mice at 5 3 106, 107, or 2 3 107 cells. (A) Overall health score on day 1 after transfer. (B) Serum samples were analyzed for G-CSF, IFN-g, IL-1b,

IL-6, IL-10, MCP1, MIG, and MIP-1b by multiplex cytokine analysis. Each symbol represents an individual mouse (n = 6–14 per group). ANOVA was

performed using a nonparametric Kruskal–Wallis test with a Dunn test for multiple comparisons. *p , 0.05, **p , 0.01, ***p , 0.001 compared with

wild-type. CH, NKG2D CAR T cells; WT, wtNKG2D T cells.
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DNAM1-based CARs show similar acute CRS toxicity

To test whether these observations were limited to NKG2D CARs,
we also tested CARs based on the NK cell receptor DNAM1
(Fig. 6A) (21). DNAM1 CAR T cells lyse PVR- and Nectin-2–
expressing tumor cells in vitro and reduce the growth of B16F10
melanoma cells in vivo (21). To test whether similar effector
mechanisms were essential for the induction of CRS after in-
jection of DNAM1 CAR T cells, perforin-, GM-CSF–, or IFN-g–
deficient DNAM1-CD28-CD3z (D28Z) T cells or intact DNAM1
CAR T cells were injected into mice. Similar to NKG2D CAR
T cells, D28Z T cells derived from mice deficient in either
perforin or GM-CSF did not cause CRS (Fig. 6B). However,
mice injected with 107 D28Z T cells from B6, (B6 3 129)F1, or
IFN-g–deficient T cells showed signs of CRS with an average
health score of 2.5–2.8. Furthermore, the mice that showed signs
of CRS had elevated serum inflammatory cytokines (Fig. 6C).
Thus, perforin and GM-CSF were essential effector molecules of
both NKG2D and DNAM1 CAR T cells for the induction of
CRS. DNAM1 CARs that included CD3z, CD28, or OX40 cy-
toplasmic domains induced CRS in B6 mice when injected at 107

T cells i.v. The time to development of CRS showed a trend with
the CAR T cells that had greater cytotoxicity in vitro against
MC38 tumor cells, inducing a more rapid CRS-like illness
in vivo (Fig. 6D, 6E).

Discussion
The present studies in an immune intact murine model using murine
CART cells provide the opportunity to dissect critical components of
CRS and particularly components of the host immune system that
cannot be interrogated in xenograft models of human CAR T cells.
These data show that a high dose of CART cells can induce CRS in
immune-intact mice. CRS was dependent on cell dose, specific CAR
T cell effector mechanisms, and host immune cells (Table I). Mice
showed an acute inflammatory distress syndrome associated with

production of proinflammatory cytokines. There was little signifi-
cant histological damage in any of the eight organs examined, al-
though some NKG2D CAR T cell–treated mice had single-cell
necrosis in the splenic white pulp. There was no accumulation of
T cells in any organ other than lung, and this occurred in mice given
either wtNKG2D or NKG2D CAR T cells, indicating that this was
not associated with toxicity and likely reflected a first pass effect of
i.v. injection of a large number of T cells. At lower doses of
NKG2D CAR T cells, there was a drop in body weight, but only at
the first dose, and without any clinical phenotype; mice quickly
recovered. Thus, toxicity was associated with a single high-dose
injection of CAR cells rather than the cumulative dose of cells,
and it likely involves CAR recognition of ligands. Whether these
ligands are present due to endogenous expression, are induced upon
an injection of a large dose of activated T cells, or are due to in-
teraction of the CART cells with each other is unknown. These data
indicate that NK cell receptor–based CART cells may lead to acute
toxicities associated with proinflammatory cytokine production
consistent with CRS, and also in conjunction with prior studies,
they confirm that lower T cell doses and/or the use of repeated doses
leads to favorable antitumor effects without toxicity.
Our previous studies have shown that NKG2D CAR T cells

require IFN-g, GM-CSF, and cytotoxicity for complete effi-
cacy in lymphoma and ovarian cancer tumor models, although
partial efficacy was observed in the absence of GM-CSF or
perforin (7, 8). Even if one of these molecules is absent, the
other cytokines and/or cytotoxicity pathways remain intact and
active. IFN-g from NKG2D CAR T cells has been shown to
activate local macrophages and induce Ag presentation and NO
production from macrophages, and there was a reduction in a
large number of cytokines in the ovarian cancer tumor micro-
environment when the CAR T cells were IFN-g deficient (43).
CAR T cells that lack either perforin or GM-CSF did not result
in acute toxicity when injected at high cell doses, although CAR
T cells derived from these mice have antitumor activity in vivo

Table I. Summary of CAR T cell injection experiments

Source of CAR T Cells Host Strain/Treatmenta Immune Status/Deficiency Outcome

B6 B6 None Illness
IFN-g2/2 B6 IFN-g from CAR T cells Illness
GM-CSF2/2 B6 GM-CSF from CAR T cells Healthy
Perforin2/2 B6 Perforin killing via CAR T cells Healthy
B6 MyD882/2 Host TLR signaling pathways Illness
B6 IL-62/2 Host IL-6 production Illness
B6 IL-1R2/2 Host responses to IL-1 Illness
B6 IFN-g2/2 Host IFN-g production Illness
B6 IFN-g2/2 Host responses to IFN-g Illness
B6 GM-CSF2/2 Host GM-CSF production Illness
B6 DR5 Host TRAIL receptor Illness
B6 Anti-NKb Depletion of host NK cells Illness
B6 Anti-PMNc Depletion of host PMNs Illness
B6 RAG-12/2 Host T and B cells Illness
B6 Anti-NK in CD12/2 Depletion of host NK and NKT cells Illness
B6 NSG Host T, B, and NK cells and myeloid cell

defects
Healthy

B6 NOD/SCID Host T, B, and myeloid cell defects Mild illness
B6 NOD Allogeneic, C5 deficiency Illness
B6 DBA/1 Allogeneic, C5 deficiency Illness
B6 DBA/2 Allogeneic Illness
B6 BALB/c Allogeneic Illness
B6 A/J Allogeneic, C5 deficiency Illness
129 B6 Minor allogeneic Illness
(129 3 B6)F1 B6 Minor allogeneic Illness

aAll mice were given 2 3 107 T cells i.v.
bAnti-NK1.1 mAbs.
cAnti-Ly6G mAbs.
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FIGURE 3. GM-CSF and perforin are essential for NKG2D CAR T cell–induced toxicity. A single dose of 2 3 107 NKG2D CAR T cells or wtNKG2D

T cells were injected into mice. Changes in health status, body weight (A), and serum cytokines (B–D) were measured after 20 h. The amounts (picograms/

milliliter) of G-CSF, IFN-g, IL-1b, IL-6, IL-10, MCP1, MIG, and MIP-1b were measured by multiplex analysis. Serum samples from mice given B6-

derived T cells that expressed wtNKG2D T cells (WT) or the NKG2D CAR T cells (CH) were compared with samples from B6 mice given NKG2D CAR

T cells derived from (B) IFN-g– (C) GM-CSF–, or (D) perforin-deficient mice. Each symbol represents an individual mouse. ANOVAwas performed using a

nonparametric Kruskal–Wallis test with a Dunn test for multiple comparisons. *p , 0.05, **p , 0.01, ***p , 0.001 compared with wild-type. CH,

NKG2D CAR T cells; WT, wtNKG2D T cells.
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in lymphoma and ovarian cancer tumor models. Mice treated
with DNAM1-based CAR T cells i.v. exhibited similar acute
symptoms that were again dependent on perforin and GM-CSF.
The manner in which these molecules drive CRS-like illness
remains to be elucidated in future studies. GM-CSF from
NKG2D CAR T cells drives monocyte recruitment via induction
of CCR2, Ag processing, and IL-12 production (24). GM-CSF is
known to activate a variety of myeloid cell activities, including
the production of cytokines (44). The absence of perforin in
CAR T cells does not reduce the cytokines produced or present

in the tumor microenvironment to a large degree (43). The ob-
servation that the absence of the perforin cytotoxic pathway in
CAR T cells prevented the CRS-like illness suggests that CAR
T cell–mediated death of ligand-expressing cells and the in-
flammation and macrophage activation induced by the cell de-
bris may be a key component that drives this acute clinical
illness. Cell debris may drive noninfectious inflammation and
wound healing responses, but the illness observed in this study
was not dependent on the MyD-88/TLR–dependent signaling
pathway. Moreover, these data indicate that the efficacy of CAR

FIGURE 4. Role of host immunity in NKG2D CART cell toxicity. A single dose of 23 107 B6-derived NKG2D CART cells (CH) or wtNKG2D T cells (WT)

was injected i.v. into mice and health status and body weight were evaluated after 20 h. (A) Recipients were B6, NSG, NOD/SCID, and NOD mice (n = 8 per

group). (B) At the time of euthanasia, serum samples were isolated and analyzed for G-CSF, IFN-g, IL-1b, IL-6, IL-10, MCP1, MIG, and MIP-1b by multiplex

analysis. In other experiments, recipients were (C) Rag1-deficient or IL-2Rg–deficient mice, (D) B6 mice pretreated with anti-NK1.1 mAbs (PK136), IgG controls,

or CD1-deficient mice pretreated with anti-NK1.1 or anti-Ly6G (1A8) mAbs. Each symbol represents an individual mouse. ANOVA was performed using a

nonparametric Kruskal–Wallis test with a Dunn test for multiple comparisons. *p, 0.05, **p, 0.01, ***p, 0.001 compared with B6 wild-type. +p, 0.05, ++p,
0.01, +++p , 0.001 compared with the similar deficient or depleted wild-type. CH, NKG2D CAR T cells; WT, wtNKG2D T cells.
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T cells can be detached from their ability to cause CRS-like
illness. For example, IFN-g is dispensable for the acute toxic-
ity observed, but it is required for antitumor efficacy. Whereas
partial efficacy was observed after only one dose of CAR T cells
in the absence of GM-CSF or perforin, no acute toxicity was
seen when either of these effector molecules was absent (7, 8).
Our findings are consistent with a recent study showing that
NKG2D CAR T cells did not cause significant toxicity when
injected at 107 CAR T cells i.v. into B6 or BALB/c mice. The
addition of further costimulation domains to an NKG2D CAR from
CD28 resulted in increased toxicity, especially when the CAR
T cells were injected following cyclophosphamide preconditioning
(45). These findings suggest that methods to improve NKG2D
CAR design with stronger signaling or the use of immune pre-
conditioning should be considered carefully.

Data from patients treated with CAR T cells have shown similar
patterns of elevated serum cytokines that are thought to be triggered
by recognition of target Ags (2, 15, 46, 47). In these clinical
studies, a set of cytokines has been elevated $75-fold above
baseline. This set included IFN-g, IL-6, CXCL9, CXCL10, MCP-1,
IL-10, G-CSF, and GM-CSF. The development of CRS and ele-
vation in serum cytokines was associated with the extent of ex-
pansion of anti-CD19 CAR T cells in vivo and the extent of tumor
burden. However, development of severe CRS is not required for
therapeutic success. Both high-dose steroids and anti–IL-6R Abs
have successfully mitigated CRS in the clinic (48, 49). However,
the mechanisms of CRS and required elements of immune acti-
vation have not been clearly dissected. Advances in the under-
standing of CRS will be critical to optimize the use of CART cells
in patients.

FIGURE 5. Role of host cytokines and background in NKG2D CAR T cell toxicity. A single dose of 2 3 107 B6-derived NKG2D CAR T cells (CH) or

wtNKG2D T cells (WT) was injected i.v. into mice and health status and body weight were evaluated after 20 h. Recipients were (A) IL-6–deficient, IL-1R–

deficient or GM-CSF-deficient mice, (B) IFN-g-deficient or IFN-gR-deficient mice, (C) MyD88-deficient, or DR5-deficient mice, (D) NKG2D-deficient

mice, (E) BALB/c, A/J, DBA/1, or DBA/2 mice, or (F) B6 mice injected with CAR or control T cells derived from B6, 129 or (B6 3 129)F1 mice. Each

symbol represents an individual mouse. ANOVAwas performed using a nonparametric Kruskal–Wallis test with a Dunn test for multiple comparisons. *p,
0.05, **p , 0.01, ***p , 0.001 compared with B6 wild-type. +p , 0.05, ++p , 0.01, +++p , 0.001 compared with the similar deficient or depleted wild-

type. CH, NKG2D CAR T cells; WT, wtNKG2D T cells.
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The use of genetic mouse models (which lack one or several key
molecules or cell types) and the use of cell-depleting Abs allowed the
evaluation of the host immune cells and effector molecules essential
for CRS-like illness observed after injection of NKG2D CART cells.
The data demonstrated that many cells and molecules known to

contribute to inflammation under different conditions, including
B cells, T cells, NK cells, IL-6, and IFN-g, were not required for
toxicity. That a particular gene knockout or cell depletion did not
lead to an altered phenotype does not indicate that the gene or cell
plays no role in the acute CRS-like illness, only that the gene or cell

FIGURE 6. Mechanisms of DNAM1 CAR-mediated toxicity. A single dose of 107 DNAM1-based CAR T cells was injected into B6 mice and health

status and body weight were evaluated. (A) The CARs used were constructed using the entire murine DNAM1 protein combined with cytoplasmic portions

of CD3z (DZ), CD28 and CD3z (D28Z), or OX40 and CD3z (D40Z). (B) Health status and body weight of B6 mice after a single injection of HBSS or 107

D28Z CAR T cells derived from B6, (B6 3 129)F1, or GM-CSF–, perforin-, or IFN-g–deficient mice. All groups had eight mice, except the (B6 3 129)F1
group, which had four mice. All mice in groups treated with HBSS or with GM-CSF– or perforin-deficient T cells had a health score of 1. (C) At the time of

euthanasia, serum samples were isolated and analyzed for G-CSF, IFN-g, IL-6, and MCP1 by multiplex analysis. (D) Health status at different times (h)

after CAR T cells derived from B6 mice or HBSS injections from two independent experiments. (E) Specific lysis of MC38 tumor cells at various E:T ratios

by T cells expressing a DNAM1 CAR–DZ, D28Z, D40Z, DBBZ (DNAM1 protein with cytoplasmic domains from 4-1BB and CD3z), or mock T cells.

Error bars are SD. ANOVA was performed using a nonparametric Kruskal–Wallis test with a Dunn test for multiple comparisons. For analysis of cell

cytotoxicity in vitro (E), a one-way ANOVAwith a Dunnett method for multiple comparisons was used. *p , 0.05, **p , 0.01, ***p , 0.001 compared

with wild-type.
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is not a critical component. In contrast, mice of the NOD/SCID
background, including NSG mice, developed none or at most a
mild illness due to the severe immune deficiency associated with
NOD/SCID mice. Not only do NOD/SCID and NSG mice lack
T cells and B cells, they also have a number of other immune de-
ficiencies, such as decreased NK cells, altered PMNs, more imma-
ture macrophages, reduced macrophage activation, and altered
lymphoid tissue architecture. This severe immune deficiency is in
contrast to Rag1-deficient mice that only lack T and B cells, or IL-
2Rg–deficient mice that have no NK cells and defects in T and B cell
numbers and responses. Thus, a defect in multiple immune cell
populations in the host, including the monocyte/macrophage com-
partment, protected against the development of the CRS-like illness,
and this is consistent with a clinical phenotype that resembles
macrophage activation syndrome. This is an important observation
because severely immunodeficient NSG mice are often used to
evaluate and optimize CAR T cells in vivo. However, toxicity as-
sociated with CAR T cell treatment may not be observed in these
mice. There are notable human cytokines that do not function in
mice. One of these cytokines is GM-CSF, so GM-CSF from human
CART cells will not affect mouse immune responses. The data from
this study showed that acute illness was independent of genetic
background in the strains tested. Collectively, the data suggest that
host myeloid cells and innate cells are key players in this CRS-like
illness that we observe at high doses of CAR T cells. Overall, the
data show that murine NKG2D CAR T cells can result in an acute
CRS-like phenotype, the bolus dose is more important than the
cumulative cell dose for CRS development, and that specific effector
mechanisms from the CAR T cells and host are involved.
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29. Valés-Gómez, M., S. E. Chisholm, R. L. Cassady-Cain, P. Roda-Navarro, and
H. T. Reyburn. 2008. Selective induction of expression of a ligand for the
NKG2D receptor by proteasome inhibitors. Cancer Res. 68: 1546–1554.

30. Skov, S., M. T. Pedersen, L. Andresen, P. T. Straten, A. Woetmann, and
N. Odum. 2005. Cancer cells become susceptible to natural killer cell killing
after exposure to histone deacetylase inhibitors due to glycogen synthase kinase-
3-dependent expression of MHC class I-related chain A and B. Cancer Res. 65:
11136–11145.

4684 MECHANISMS OF TOXICITY IN NKG2D CAR T CELL–TREATED MICE

 by guest on Septem
ber 12, 2017

http://w
w

w
.jim

m
unol.org/

D
ow

nloaded from
 

http://www.jimmunol.org/


31. Bottino, C., R. Castriconi, D. Pende, P. Rivera, M. Nanni, B. Carnemolla,
C. Cantoni, J. Grassi, S. Marcenaro, N. Reymond, et al. 2003. Identification of
PVR (CD155) and Nectin-2 (CD112) as cell surface ligands for the human
DNAM-1 (CD226) activating molecule. J. Exp. Med. 198: 557–567.

32. Tahara-Hanaoka, S., K. Shibuya, Y. Onoda, H. Zhang, S. Yamazaki,
A. Miyamoto, S. Honda, L. L. Lanier, and A. Shibuya. 2004. Functional char-
acterization of DNAM-1 (CD226) interaction with its ligands PVR (CD155) and
nectin-2 (PRR-2/CD112). Int. Immunol. 16: 533–538.

33. Verhoeven, D. H. J., A. S. K. de Hooge, E. C. K. Mooiman, S. J. Santos,
M. M. ten Dam, H. Gelderblom, C. J. M. Melief, P. C. W. Hogendoorn,
R. M. Egeler, M. J. D. van Tol, et al. 2008. NK cells recognize and lyse Ewing
sarcoma cells through NKG2D and DNAM-1 receptor dependent pathways.Mol.
Immunol. 45: 3917–3925.

34. Castriconi, R., A. Dondero, M. V. Corrias, E. Lanino, D. Pende, L. Moretta,
C. Bottino, and A. Moretta. 2004. Natural killer cell-mediated killing of freshly
isolated neuroblastoma cells: critical role of DNAX accessory molecule-1-
poliovirus receptor interaction. Cancer Res. 64: 9180–9184.

35. Cho, D., D. R. Shook, N. Shimasaki, Y. H. Chang, H. Fujisaki, and D. Campana.
2010. Cytotoxicity of activated natural killer cells against pediatric solid tumors.
Clin. Cancer Res. 16: 3901–3909.

36. Zhang, T., and C. L. Sentman. 2011. Cancer immunotherapy using a bispecific
NK receptor fusion protein that engages both T cells and tumor cells. Cancer
Res. 71: 2066–2076.

37. Pogge von Strandmann, E., H. P. Hansen, K. S. Reiners, R. Schnell,
P. Borchmann, S. Merkert, V. R. Simhadri, A. Draube, M. Reiser, I. Purr, et al.
2006. A novel bispecific protein (ULBP2-BB4) targeting the NKG2D receptor
on natural killer (NK) cells and CD138 activates NK cells and has potent anti-
tumor activity against human multiple myeloma in vitro and in vivo. Blood 107:
1955–1962.

38. Steinbacher, J., K. Baltz-Ghahremanpour, B. J. Schmiedel, A. Steinle, G. Jung,
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Supplemental Table 1. AST and creatinine are not altered by CAR T cell injection 

   107 T cells 5 x 106 T cells 

Tumor Treatment Day‡ AST§ 
±SD CREA‖ 

±SD AST§ 
±SD CREA‖ 

±SD 

RMA-RG wt* 8 54.0 5.3 0.3 0.1 58.0 11.6 0.3 0.1 

 wt* 12 97.1 35.1 0.4 0.1 111.6 55.1 0.3 0.1 

 ch† 8   71.7* 22.9 0.3 0.1 77.0* 32.5 0.3 0.1 

 ch† 12 88.6 37.7 0.4 0.1 85.9 27.2 0.4 0.1 

 HBSS 8 67.0* 12.0 0.3 0.1 66.2 7.9 0.3 0.1 

 HBSS 12 70.0 18.0 0.3 0.1 87.9 33.3 0.3 0.1 

No Tumor wt* 3 74.8 14.2 0.3 0.1 95.1 45.3 0.4 0.1 

 wt* 8 62.8 8.2 0.3 0.1 83.0 34.8 0.3 0.1 

 ch† 3 68.0 10.3 0.4 0.1 95.2 42.0 0.3 0.1 

 ch† 8 64.8 11.0 0.4 0.1 68.8 9.9 0.2 0.1 

 HBSS 3 79.6 19.6 0.4 0.1 67.5 6.9 0.3 0.1 

 HBSS 8 67.2 19.6 0.4 0.1 83.1 31.2 0.3 0.1 

* wt= wild type NKG2D T cells, † ch= NKG2D CAR T cells 
‡ Day= Day sample was collected after RMA-RG tumor injection (T cells given on day 5), and day sample was collected 

 after T cell injection in mice without tumors. 
§ Values reported as U/L 
‖ Values reported as mg/dL 

ANOVA compared to wt at the same day and dose, * p<0.05  

 

 



Supplemental Table 2. Serum cytokines are not changed 3 to 12 days after CAR T cell injection. 

   107 T cells  5 x 106 T cells 

Tumor Treatment Day‡ IL-6§ 
±SD IFN-§ 

±SD MCP-1§ 
±SD TNF-§ 

±SD  IL-6§ 
±SD IFN-§ 

±SD MCP-1§ 
±SD TNF-§ 

±SD 

RMA-RG wt* 8 2.6 1.5 4.2 2.9 167.5 41.8 15.2 7.3  2.0 1.1 3.0 3.2 162.8 49.0 27.0 11.6 

 wt* 12 2.7 0.9 2.4 3.1 451.5* 219.8 9.7 11.3  2.9 1.4 0.9 1.3 239.7 101.3 10.8 11.3 

 ch† 8 8.4 9.1 3.2 3.4 177.8 86.0 19.3 10.7  4.2 7.0 3.1 3.2 200.3 121.8 26.2 14.4 

 ch† 12 5.5 7.4 0.4 0.8 277.2 145.0 9.5 9.3  2.8 2.1 1.9 1.7 169.7 89.2 14.4 11.4 

 HBSS 8          5.4 6.7 3.0 3.9 197.4 119.1 19.1 11.1 

 HBSS 12          4.9 5.4 1.0 1.8 201.4 112.3 10.6 12.6 

No Tumor wt* 3 3.5 5.2 1.6 2.5 143.2 100.6 15.3 11.7  2.7 1.4 1.0 2.1 95.5 50.4 56.1 87.7 

 wt* 8 2.8 1.7 0.9 2.0 161.5 80.8 34.2 42.6  2.8 1.3 0.7 1.9 154.8 41.4 49.4 54.3 

 ch† 3 2.1 1.4 2.8 4.3 149.0 39.4 11.8 20.7  3.3 3.7 1.7 3.3 104.1 41.2 36.5 72.4 

 ch† 8 2.8 2.0 1.3 2.6 143.9 40.1 17.5 16.2  5.3 6.3 0.9 0.0 268.2 200.0 25.3 15.8 

 HBSS 3          2.5 1.7 2.5 4.4 168.3 43.7 12.5 15.4 

 HBSS 8          4.4 7.1 2.1 2.9 182.9 160.7 17.6 14.6 

* wt= wild type NKG2D T cells, † ch= NKG2D CAR T cells 
‡ Day= Day sample was collected after T cell injection 
§ Values reported as pg/mL 

ANOVA compared to HBSS at the same day and dose, * p<0.05  

 



Table 3 Histological analysis of tissues harvested after a dose of 2 x 107 CAR T cells.  

 RMA-RG tumor bearing mice  Non tumor bearing mice 
 

WT NKG2D 

T cells 

 
NKG2D 

CAR T cells 

 HBSS  WT NKG2D 

T cells 

 NKG2D 

CAR T cells 

 HBSS 

Tissue/diagnosis expt 1 expt 2  expt 

1 

expt 

2 

 expt 

1 

expt 

2 

 expt 

1 

expt 

2 

expt 

3 

 expt 

1 

expt 

2 

expt 

3 

 expt 

1 

expt 

2 

Heart normal 4/4 5/5 
 

5/5 5/5  5/5 4/4  5/5 5/5 6/6  5/5 5/5 6/6  5/5 4/5 

                     

Kidney normal 4/4 5/5 
 

5/5 5/5  5/5 4/4  5/5 5/5 6/6  5/5 5/5 6/6  5/5 4/5 
 

tumor, undifferentiated round 

cell 

   
                

                     

Liver normal 3/5 
  

4/5 4/4  2/5 3/5  4/5 3/5 5/6  4/5 5/5 6/6  2/5 2/5 
 

infiltration, mixed cell 2/5 5/5  1/5 
   

2/5   2/5 1/6  1/5    3/5 2/5 
 

depletion, glycogen 
   

   3/5             

                     

Lung Normal 5/5 5/5 
 

5/5 3/5  5/5 5/5  5/5 5/5 6/6  5/5 5/5 6/6  5/5 3/5 
 

infiltration, neutrophilic, 

alveolar wall 

   
 2/5               

 
Hemorrhage, alveolar 

        
          1/5 

                     

Large 

intestine 

normal 5/5 5/5  5/5 3/3  5/5 5/5  5/5 5/5 6/6  5/5 5/5 6/6  5/5 4/5 

Small 

intestine 

normal 4/4 5/5  4/4 5/5  5/5 4/4  5/5 5/5 6/6  5/5 5/5 6/6  5/5 4/5 

                     

Pancreas normal 4/5 5/5 
 

4/5 4/5  5/5 4/5  5/5 5/5 6/6  4/5 5/5 6/6  5/5 4/5 
 

Few/no islets in section 1/5   1/5 1/5  
 

1/5      1/5      

                     

Spleen normal 5/5 5/5 
 

4/5   5/5 5/5  5/5 5/5    5/5 6/6  5/5 4/5 
 

necrosis, single cell; white 

pulp 
  

 
1/5 5/5       6/6  5/5      

 
hematopoietic activity, 

increased 

        
           

 
tumor, undifferentiated round 

cell 

        
           

note: pathology was scored mild (1), but 2 single cell necrosis, spleen were scored moderate in expt 2.   

 

 



Table 4 Histological analysis of tissues harvested after three doses 107 CAR T cells.  

 RMA-RG tumor bearing mice  Non tumor bearing mice 
 

WT NKG2D 

T cells 

 
NKG2D 

CAR T cells 

 HBSS  WT NKG2D 

T cells 

 NKG2D 

CAR T cells 

 HBSS 

Tissue/diagnosis expt 1 expt 2  expt 

1 

expt 

2 

 expt 

1 

expt 

2 

 expt 

1 

expt 

2 

  expt 

1 

expt 

2 

  expt 

1 

expt 

2 

Heart normal 5/5 5/5 
 

5/5 5/5  5/5 5/5  5/5 5/5   5/5 5/5   5/5 5/5 

                     

Kidney normal 3/5 5/5 
 

3/5 3/5  5/5 2/5  5/5 5/5   5/5 5/5   5/5 5/5 
 

tumor, undifferentiated round 

cell 

   
    3/5            

                     

Liver normal 
   

2/5 1/5  1/5   4/5 4/5   4/5 2/5   3/5 5/5 
 

infiltration, mixed cell 2/5 2/5  
   

2/5 1/5  1/5 1/5   1/5 3/5   2/5  
 

tumor, undifferentiated round 

cell 
3/5 5/5 

 
3/5 4/5  3/5 4/5            

                     

Lung Normal 5/5 3/5 
 

2/5   4/5 5/5  4/5 5/5   5/5 4/5   5/5 4/4 
 

Hemorrhage, alveolar 
   

      1/5     1/5     
 

tumor, undifferentiated round 

cell 

 

2/5 
 

3/5 5/5 
 

1/5 
 

           

                     

Large 

intestine 

normal 5/5 5/5  5/5 5/5  5/5 5/5  4/4 5/5   5/5 5/5   5/5 5/5 

Small 

intestine 

normal 5/5 5/5  5/5 5/5  5/5 5/5  5/5 5/5   5/5 5/5   5/5 5/5 

                     

Pancreas normal 5/5 5/5 
 

5/5 3/5  5/5 4/5  5/5 5/5   5/5 5/5   5/5 5/5 
 

Depletion, Zymogen 

granules 

 

   2/5  
 

1/5            

                     

Spleen normal 5/5 5/5 
 

 2/5  5/5 5/5  5/5 5/5   5/5 5/5   5/5 5/5 
 

necrosis, single cell; white 

pulp 
  

 
1/5 2/5               

 
hematopoietic activity, 

increased 

   
3/5 

    
           

 
tumor, undifferentiated round 

cell 

   
2/5 1/5 

   
           

 
  

 

 


