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Impact of NKG2D Signaling on Natural Killer 
and T-Cell Function in Cerebral Ischemia
Christina David , MSc*; Tobias Ruck , MD*; Leoni Rolfes, MD; Stine Mencl, PhD; Peter Kraft, MD;  
Michael K. Schuhmann, PhD; Christina B. Schroeter, MD; Robin Jansen, MD; Friederike Langhauser , PhD; 
Anne K. Mausberg , PhD; Anke C. Fender, PhD; Sven G. Meuth, MD, PhD*; Christoph Kleinschnitz , MD*

BACKGROUND: Typically defined as a thromboinflammatory disease, ischemic stroke features early and delayed inflammatory 
responses, which determine the extent of ischemia-related brain damage. T and natural killer cells have been implicated in 
neuronal cytotoxicity and inflammation, but the precise mechanisms of immune cell-mediated stroke progression remain 
poorly understood. The activating immunoreceptor NKG2D is expressed on both natural killer and T cells and may be critically 
involved.

METHODS AND RESULTS: An anti-NKG2D blocking antibody alleviated stroke outcome in terms of infarct volume and functional 
deficits, coinciding with reduced immune cell infiltration into the brain and improved survival in the animal model of cerebral is-
chemia. Using transgenic knockout models devoid of certain immune cell types and immunodeficient mice supplemented with 
different immune cell subsets, we dissected the functional contribution of NKG2D signaling by different NKG2D-expressing 
cells in stroke pathophysiology. The observed effect of NKG2D signaling in stroke progression was shown to be predominantly 
mediated by natural killer and CD8+ T cells. Transfer of T cells with monovariant T-cell receptors into immunodeficient mice 
with and without pharmacological blockade of NKG2D revealed activation of CD8+ T cells irrespective of antigen specificity. 
Detection of the NKG2D receptor and its ligands in brain samples of patients with stroke strengthens the relevance of preclini-
cal observations in human disease.

CONCLUSIONS: Our findings provide a mechanistic insight into NKG2D-dependent natural killer– and T-cell–mediated effects in 
stroke pathophysiology.
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As one of the leading causes of long-term dis-
abilities and death, stroke continues to be 
an enormous economic and social burden.1 

Accumulating evidence indicates that spatiotemporal 
dynamics of immune cell infiltration and subsequent 
immune responses contribute to secondary brain 
damage, neurodegeneration, and recovery after isch-
emic stroke.2,3 T cell subsets in particular exacerbate 
stroke outcome, although natural killer (NK) cells have 

been shown to contribute as well.4–6 NK cells accu-
mulate within infarct and peri-infarct areas as early as 
3 hours after focal ischemia and propagate infarct size 
via cytotoxicity as well as cytokine and chemokine re-
lease.6,7 Thereby, NK cells promote inflammation and 
recruit other immune cells to the brain, contributing 
to cerebral infarction.6,8,9 However, the precise mech-
anisms underlying NK-cell–mediated stroke progres-
sion remain poorly understood.
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NK-cell activity depends on the balance of stimula-
tory and inhibitory signals; the latter can be overcome 
by the activating receptor NKG2D, which exerts effec-
tor function independent of inhibitory signals.10 NKG2D 
is a c-type lectin-like NK immunoreceptor expressed 
on NK cells, natural killer T (NKT) cells, CD8+, and γδ 
T cells, as well as a subset of CD4+ T cells.10–12 The 
murine NKG2D receptor is characterized by two dis-
tinct isoforms that interact with different combinations 
of transmembrane adaptor proteins resulting in either 
cell-mediated cytotoxic responses or cytokine produc-
tion.13–16 However, the human receptor consists of only 
one isoform.17

NKG2D is involved in the regulation of effector 
functions of T cells and NK cells such as proliferation, 
migration, cytotoxicity, and cytokine production.18,19 
Three main types of ligands bind to the murine NKG2D 
receptor: histocompatibility H60 isoforms (H60a, b, 

c),20 retinoic acid early transcript 1 (RAE-1) isoforms α, 
β, γ, δ and ε,21 and murine UL16-binding protein-like 
transcript 1 (MULT1).22 In the human system, major 
histocompatibility complex (MHC) class I chain-related 
proteins A/B10,23 and 6 isoforms of cytomegalovirus 
UL16-binding proteins (ULBP1-6) have been identified 
as NKG2D ligands.24

Previous studies have demonstrated the impor-
tance of NKG2D signaling in autoimmune disor-
ders such as multiple sclerosis19 and in models of 
ischemia–reperfusion organ injury.25,26 To evaluate 
the role of NKG2D signaling in stroke pathogenesis, 
we blocked NKG2D in mice subjected to transient 
middle cerebral artery occlusion (tMCAO), and an-
alyzed stroke outcome and immune cell infiltration 
in the brain. To dissect the functional contribution 
of NKG2D signaling by different immune cell types, 
we transferred defined immune cell subsets into 
immunodeficient Rag1tm1Mom (Rag1−/−) mice devoid 
of mature T and B cells27 and NOD-Rag1nullIL2rgnull 
(NRG) mice with a combined Rag1 and interleukin-2-
receptor-γ null mutation lacking mature T, B, and NK 
cells28 before tMCAO, with or without NKG2D block-
ade. The role of NKG2D signaling in stroke patho-
physiology for NKT and γδ T cells was investigated 
in transgenic knockout mouse models. To evaluate 
functional capacity of NKG2D-blocked immune cell 
subsets after stroke, surface exposure of the cy-
totoxicity marker CD107a on immune cells isolated 
from the ischemic brain of experimental animals was 
measured in a degranulation assay. Characterization 
of the NKG2D pathway in the context of stroke in-
cludes investigations of NKG2D ligand expression 
and localization in the murine and human brain. This 
work contributes to a better understanding of the 
complex pathophysiology of stroke and enables new 
opportunities for drug development.

METHODS
Availability of Data and Material
The data that support the findings of this study are 
available from the corresponding author upon reason-
able request.

Animals
C57BL/6N mice, purchased from Charles River 
Laboratories (Sulzfeld, Germany), served as con-
trol animals. Age and sex-matched NKG2D−/− 
(#022733), Rag1−/− (#002216), NRG (#007799), 
CD1d−/− (#008881), γδ−/− (#002120), OT-1 (#642), and 
OT-2 (#643) mice were purchased from Jackson 
Laboratories (Bar Harbor, ME) or Charles River 
Laboratories and were maintained in individually ven-
tilated cages. We used mice of both sexes as donors 

CLINICAL PERSPECTIVE

What Is New?
•	 This study provides a mechanistic approach to 

natural killer– and T-cell function in ischemia-
related brain damage and implicates the acti-
vating immune receptor NKG2D in early stroke 
development.

•	 NKG2D blockade was associated with im-
proved stroke outcome and reduced immune 
cell infiltration into the ischemic brain.

•	 The observed effect of NKG2D signaling in the 
context of stroke was shown to be predomi-
nantly mediated by NK and CD8+ T cells, inde-
pendent of T-cell receptor signaling.

What Are the Clinical Implications?
•	 Our findings contribute to a better understand-

ing of the pathophysiology of ischemic stroke 
and point to a new therapeutic target in stroke 
therapy.

Nonstandard Abbreviations and Acronyms

LN	 lymph node
MULT1	 murine UL16-binding protein-like 

transcript 1
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for adoptive transfer experiments, but only male 
mice were subjected to tMCAO to reduce variability 
of our results due to sex differences. Animals were 
excluded from end-point analyses if death occurred 
within 24 hours after tMCAO or exclusion criteria 
were reached, defined in a score that includes gen-
eral conditions, spontaneous behavior, weight loss, 
and method-specific criteria, that is, Bederson score 
≥4 or sustained score of 3. The number of excluded 
animals is given in Table S1. Detailed information on 
the number of animals included in each experimen-
tal part is provided in Figures  1-5, Figures  S1-S3, 
and in Table S1. Animal experiments were approved 
by local authorities (Landesamt für Natur, Umwelt 
und Verbraucherschutz, North Rhine-Westphalia, 
Germany; Regierung von Unterfranken, Bavaria, 
Germany). All experiments were conducted following 
the ARRIVE guidelines including prespecified sample 
size and power calculations (80%; G*Power 3.1.9.4.) 
and in accordance with the German laws and animal 
welfare regulations.

Ischemia Model and Functional Outcome
Transient middle cerebral artery occlusion with the in-
traluminal filament technique induced focal cerebral is-
chemia in 10- to 12-week-old male mice as described 
previously.29 Surgery and evaluation of all read-out 
parameters were performed in a blinded manner. 
Bederson score was applied to monitor global neuro-
logical impairments.30 Grip test assessed motor func-
tion and coordination of experimental animals.31

Measurements of Cerebral Infarct 
Volumes
Animals were euthanized via transcardial perfusion with 
PBS under anesthesia, and the removed brain was cut 
into 2-mm-thick coronal sections. To measure infarcted 
brain areas, brain slices were stained for 10 minutes at 
room temperature with 2% 2,3,5-triphenyltetrazolium 
chloride (Sigma-Aldrich, Burlington, MA).32 Planimetric 
measurements (ImageJ software; National Institutes of 
Health) were used to calculate edema-corrected lesion 
volumes.

NKG2D Blockade by anti-NKG2D 
Antibody
To pharmacologically block NKG2D receptor signal-
ing, mice were injected intraperitoneally with 150 μg19 
of NKG2D-specific monoclonal antibody or the re-
spective control antibody. The blocking antibody 
and Rat immunoglobulin G1 isotype control anti-
body were purchased from eBioscience (San Diego, 
CA). The prophylactic group was treated 1 hour be-
fore tMCAO, whereas therapeutic treatment was 

administered 1 hour and 3 hours after stroke. To en-
sure blockade of NKG2D signaling during the entire 
experiment in setups exceeding 24 hours, antibod-
ies were administered every second day from stroke 
induction.

Cell Isolation and Adoptive Transfer
Single-cell suspensions were prepared following 
standard protocols. Immunodeficient NRG mice were 
substituted with 1×107 wild-type (WT) splenocytes and 
sacrificed before and 1 and 5 days after adoptive cell 
transfer. 1×106 NK cells, CD4+ T cells, and CD8+ T cells 
were injected in recipient mice intravenously after in 
vitro preincubation with the anti-NKG2D and the con-
trol antibody for 1 hour. Further details are provided in 
Data S1.

Flow Cytometry
Brain, spleen, and lymph nodes (LNs) were isolated 
from PBS-perfused WT and NRG mice, and single-cell 
suspensions were prepared. 1×106 cells were surface 
stained with fluorescence-labeled antibodies follow-
ing standard protocols. Further details are given in 
Data S1.

Cytotoxicity Assay
CD107a expression on NK cells and CD8+ T cells 
isolated from αNKG2D and isotype control treated 
animals 24 hours after tMCAO was measured to 
evaluate degranulation. Intracerebral leukocytes 
were isolated and stimulated with YAC-1 target cells 
at a ratio of 10:1 in the presence of CD107a anti-
body as well as the anti-NKG2D blocking antibody 
and the respective control antibody. The assay was 
incubated for 14 hours at 37°C/5%CO2. Cells were 
washed, stained, and analyzed using flow cytometry. 
Details on the fluorescently labeled antibodies are 
provided in Data S1.

RNA Isolation and Real-Time Polymerase 
Chain Reaction of NKG2D Ligands
RNA was isolated with the Quick-RNA Microprep Kit 
(Zymo Research, Germany) following the manufactur-
er’s protocol. Details are provided in Data S1.

Immunofluorescence Staining of Human 
Brain Tissue
Human post-mortem brain tissue was obtained in 
accordance with the principles of the Declaration of 
Helsinki. Patients gave informed consent and the local 
ethics committee approved the study. Detailed stain-
ing protocols and clinical data for human samples are 
given in Data S1 and in Tables S2 and S3.
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Statistical Analysis
Data presentation and all statistical analyses were 
performed with Prism software version 8 (GraphPad 
Software, La Jolla, CA). Data from the same condition 

of individual tMCAO experiments were pooled for neu-
rological scoring and infarct size measurements.

Statistical differences were determined by 
Student’s t-test for normally distributed data and 
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a Mann–Whitney test for nonparametric data with-
out normality and equality of variance. Post-stroke 
survival was plotted as Kaplan–Meier curve. The  
level of significance was labeled according to the 
P  values (*P<0.05, **P<0.01, or ***P<0.001). All re-
sults are given as mean±SD.

RESULTS
In Vivo Relevance of NKG2D Signaling in 
Early Stroke Progression
To evaluate the contribution of NKG2D receptor signal-
ing in early stroke progression, WT and NKG2D−/− mice 
were subjected to tMCAO. In NKG2D−/− mice exons1b-
6 are globally knocked out, resulting in a lack of 
NKG2D expression, while the number of NK cells and 
other immune cell subsets remains normal.33 Absent 
NKG2D receptor expression of NKG2D−/− mice was 
associated with smaller brain infarctions (Figure  1A, 
NKG2D−/−: 67.68 mm3±7.70 mm3, n=7 versus ctr.: 
79.04 mm3±7.54 mm3, n=6, P=0.0215) and improved 
Bederson scores (Figure  S1A, NKG2D−/−: 1.86±0.69, 
n=7 versus ctr.: 3±0.63, n=6, P=0.0103) compared 
with WT mice 24 hours after 60-minute tMCAO. Vessel 
density (CD31+ vessels per mm2) was unchanged in 
these animals (Figure  S1B, NKG2D−/−: 66±16 CD31+ 
cells per mm2, n=4 versus ctr.: 90±21 CD31+ cells per 
mm2, n=3, P=0.141).

Pharmacological blockade of the receptor was 
used to systematically assess impact of NKG2D block-
ade before and after stroke induction. WT mice were 
treated with an anti-NKG2D blocking antibody or the 
respective isotype control antibody according to the 
depicted injection scheme (Figure 1B). In the prophy-
lactic treatment, 150 μg of blocking and isotype con-
trol antibodies were administered 1 hour before stroke 
induction, while in the therapeutic group the antibody 
was given 1 hour after stroke. In a pilot experiment, ap-
plication intervals were tested to ensure the blockade 
of NKG2D signaling during experiments longer than 
24 hours, resulting in antibody injections every second 

day from stroke induction. Blockade of NKG2D re-
ceptor was confirmed 24 hours after antibody treat-
ment by flow cytometry, gating for NKG2D+ CD45+ 
leukocytes in the spleen and for NKG2D+ CD45high 
leukocytes in the brain (Figure  1C). Due to epitope 
masking by the blocking antibody, the proportion of 
NKG2D+ leukocytes with a functional NKG2D recep-
tor was significantly reduced in the spleen (αNKG2D: 
0.08%±0.02%, n=6 versus ctr.; 1.46%±0.41%, n=4, 
P=0.0095) and the brain (αNKG2D: 2.29%±0.71%, n=5 
versus ctr.: 8.10%±2.23%, n=5, P=0.0079) compared 
with control animals, while the proportion of CD49b+ 
NK cells remained unchanged in the spleen (αNKG2D: 
4.66%±0.48%, n=6 versus ctr.: 4.60%±0.38%, n=4, 
P=0.9143) and the brain (αNKG2D: 3.51%±0.41%, 
n=5 versus ctr.: 3.91%±0.34%, n=5, P=0.1508) upon 
NKG2D receptor blockade (Figure S1C).

Overall survival of anti-NKG2D–treated animals 
shown in a Kaplan–Meier plot was improved com-
pared with the control group up to 5 days after tMCAO 
(Figure  1D, αNKG2D: n=14, ctr.: n=13). Prophylactic 
treatment of WT mice improved stroke outcome com-
pared with isotype controls in terms of reduced infarct 
volumes (Figure 1E, αNKG2D: 71.27 mm3±39.87 mm3, 
n=14 versus ctr.: 109.1 mm3±39.51 mm3, n=15, 
P=0.0161) and Bederson scores (αNKG2D: 2.43±1.09, 
n=14 versus ctr.: 3.27±0.79, n=11, P=0.0494) as well as 
grip test scores (αNKG2D: 3.14±1.17, n=14 versus ctr.: 
1.83±1.34, n=12, P=0.0145) 24 hours after stroke induc-
tion. Three days after focal cerebral ischemia, the effect 
of NKG2D blockade on stroke volume was even more 
pronounced (αNKG2D: 47.03 mm3±17.02  mm3, n=15 
versus ctr.: 99.10 mm3±22.74 mm3, n=10, P<0.0001) 
but behavioral scores did not reach significance level 
(Bederson score: αNKG2D: 1.2±0.89, n=14 versus ctr.: 
1.9±1.37, n=10, P=0.21; grip test: αNKG2D: 4.0±0.96, 
n=14 versus ctr.: 3.7±0.82, n=10, P=0.41).

Therapeutic NKG2D blockade resulted in a 
marked reduction of infarct volumes (Figure  1E, 
αNKG2D: 53.84 mm3±14.37 mm3, n=14 versus ctr.: 
82.91 mm3±13.71 mm3, n=14, P<0.0001) and less se-
vere neurological deficits (Bederson: 2.14±0.66; grip 

Figure 1.  Pharmacological blockade of NKG2D signaling attenuates cerebral ischemia–reperfusion injury.
A, Infarct volumes and representative TTC-stained brain slices from NKG2D−/− (n=7) and WT mice (n=6). B, Schematic illustration of 
the experimental protocol. Mice were treated prophylactically 1 hour before and therapeutically 1 hour after tMCAO with 150 μg of an 
anti-NKG2D blocking antibody and the respective isotype control. C, Confirmation of NKG2D receptor blockade by flow cytometric 
analysis of NKG2D+ leukocytes in the spleen (ctr. n=4 vs αNKG2D n=6) and in the brain (ctr. n=5 vs αNKG2D n=5) of mice treated 
with NKG2D-blocking and control antibody. D, Kaplan–Meier survival plots of animals prophylactically treated with the anti-NKG2D 
antibody (n=14) compared with control group (n=13) up to 5 days after tMCAO surgery. E, Stroke outcome parameters in mice subjected 
to 60-minute tMCAO with prophylactic and therapeutic treatment with NKG2D-blocking antibody or isotype control. Infarct volumes, 
Bederson score, and grip test were evaluated 1 day (proph.: infarct volume ctr. n=15 vs αNKG2D n=14, scores ctr. n=11 vs αNKG2D 
n=14; ther.: infarct volume ctr. n=14 vs αNKG2D n=14, scores ctr. n=13 vs αNKG2D n=14) and 3 days after stroke induction (proph.: 
infarct volume ctr. n=10 vs αNKG2D n=15, scores ctr. n=10 vs αNKG2D n=14; ther.: infarct volume ctr. n=10 vs αNKG2D n=11, scores ctr. 
n=10 vs αNKG2D n=16). F, Relative and absolute numbers of brain infiltrating immune cell subsets of anti-NKG2D and isotype control 
antibody-treated WT mice 24 hours after stroke (ctr. n=10, αNKG2D n=12). NK indicates natural killer cell; NKT, natural killer T cell; 
tMCAO,  transient middle cerebral artery occlusion; TTC, 2,3,5-triphenyltetrazolium chloride; and WT, wild-type.
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test: 3.57±0.65, n=14) compared with isotype control 
(Bederson: 3.08±0.64, P=0.0019; grip test: 2.46±0.78, 
n=13, P=0.0006) 24 hours after tMCAO. Interestingly, 
however, 3 days after stroke induction, infarct volumes 

(αNKG2D: 70.04 mm3±13.51 mm3, n=11 versus ctr.: 
75.67 mm3±15.87 mm3, n=10, P=0.47) and behav-
ioral scores (Bederson score: αNKG2D: 1.38±0.50, 
n=16 versus ctr.: 1.9±0.88, n=10, P=0.10; grip test: 
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αNKG2D: 3.81±0.66, n=16 versus ctr.: 3.7±0.82, n=10, 
P=0.72) were unchanged among these groups, indi-
cating the NKG2D signaling cascade to be relevant in 
the very early response to ischemia. In an extended 
therapeutic window of 3 hours after stroke, NKG2D 
blockade resulted in infarct volumes and functional 
scores similar to the control group (Figure  S2A, 
αNKG2D: 61.49 mm3±12.22 mm3, n=6 versus ctr.: 
63.44 mm3±8.46 mm3, n=7, P=0.74). Comparing rela-
tive cell numbers of infiltrated CD3+ T cells, CD4+ T 
helper cells, CD8+ cytotoxic T cells, NK cells, NKT cells, 
and γδ T cells into the brain of WT animals 24 hours 
after stroke, blockade of NKG2D evoked no significant 
changes (αNKG2D: n=12, ctr.: n=10), but displayed a 
significant reduction of immune cell infiltration consid-
ering absolute cell numbers (Figure 1F, αNKG2D: n=12, 
ctr.: n=10). Thus, blockade of NKG2D signaling alle-
viated stroke outcome parameters, improved overall 
survival, and limited infiltration of immune cells into the 
brain of anti-NKG2D–treated animals.

NK Cells and CD8+ T Cells Are Drivers in 
NKG2D-Mediated Ischemic Brain Damage 
After Stroke
To confirm successful substitution of immunodeficient 
NRG mice with different immune cell subsets, we adop-
tively transferred splenocytes from WT mice into NRG 
mice and analyzed leukocyte subpopulations in LNs 
and spleen by flow cytometry at different time points 
(Figure 2A, d0: n=6, d1: n=8, d5: n=8). We could con-
firm successful transfer of NK cells, NKT cells, and CD3+ 
T cells as well as CD8+ and CD4+ T-cell subsets into 
NRG mice. The proportion of most of these cell types 
increased compared with baseline within 1 day in spleen 
and LNs, which was even more pronounced by day 5. In 
LNs studied at day 1 after transfer, however, the increase 
of CD4+ and CD8+ T cells was modest and not statis-
tically significant. Reconstitution with splenocytes was 
insufficient to elevate the frequency of the rare γδ T-cell 
population in both spleen and LNs 1 day and 5 days after 
adoptive transfer with regard to baseline.

To examine NKG2D receptor distribution on leuko-
cyte subpopulations, we analyzed NKG2D expression 
in spleen and LNs before and 1 day and 5 days after 
reconstitution of NRG mice with splenocytes. While the 

mean fluorescence intensity of NKG2D was unchanged 
on some immune cell populations 1 day after adoptive 
transfer, receptor expression was increased in all in-
vestigated immune cell subsets except for LN-derived 
γδ T cells 5 days after adoptive transfer (Figure 2B, d0: 
n=6, d1: n=8, d5: n=8).

The NKG2D receptor is expressed on NK cells, NKT 
cells, CD8+ T cells, and γδ and a subset of CD4+ T cells. 
To dissect functional implications of NKG2D signaling 
for different NKG2D expressing cells, we performed 
tMCAO in immunodeficient mice after adoptive transfer 
of different WT lymphoid cells with or without NKG2D 
blockade. NRG mice were reconstituted with NK cells 
incubated with anti-NKG2D blocking and isotype con-
trol antibody before cell transfer. Naïve NRG mice after 
tMCAO served as control animals. Adoptive transfer of 
NK cells preincubated with an isotype control antibody 
resulted in exacerbation of stroke outcome with regard to 
naïve control animals. Infarct volumes were significantly 
increased (Figure  2C, naïve: 27.96 mm3±18.64 mm3, 
n=11 versus ctr. AB: 53.50 mm3±29.40 mm3, n=10, 
P=0.019) and animals performed worse in Bederson 
test assessing global neurological impairment (naïve: 
1.91±0.70, n=11 versus ctr. AB: 2.70±0.48, n=10, 
P=0.0153). The detrimental effect of isotype-treated 
NK cells was reversed by pharmacological blockade of 
NKG2D receptor signaling. Animals receiving NK cells 
with blocked NKG2D receptor signaling showed infarct 
sizes (34.51 mm3±19.32 mm3, n=9) and neurological 
scores (Bederson score: 2.11±0.78; grip test: 3.56±1.13, 
n=9) similar to those from control mice.

Rag1−/− mice devoid of mature T and B cells were 
reconstituted with CD8+ T cells that were treated in vitro 
with anti-NKG2D blocking and isotype control antibod-
ies before adoptive transfer. Naïve Rag1−/− mice after 
tMCAO served as control animals. Induction of focal 
ischemia in these animals revealed a significant reduc-
tion in infarct volumes compared with those of Rag1−/− 
mice reconstituted with isotype control pretreated CD8+ 
T cells (Figure 2D, naïve: 29.86 mm3±13.16 mm3, n=10 
versus ctr. AB: 92.36 mm3±27.36 mm3, n=11, P<0.0001) 
as well as exacerbation of Bederson score and grip test 
scores (Figure S3A, Bederson: naïve: 1.80±0.79, n=10 
versus ctr.: 3.09±0.54, n=11, P=0.0008; grip test: naïve: 
3.90±0.57, n=10 versus ctr.: 2.73±1.27, n=11, P=0.0006). 
Adoptive transfer of CD8+ cells preincubated with the 

Figure 2.  Detrimental effect of NKG2D signaling is predominantly mediated by NK cells and CD8+ T cells.
Flow cytometric evaluation of immune cell composition (A) and NKG2D receptor distribution (B) on immune cell subsets in lymph nodes 
and spleen of immunodeficient NRG mice reconstituted with splenocytes before (n=6), 1 day after (n=8), and 5 days (n=8) after adoptive 
transfer. C, Stroke outcome parameters 24 hours after stroke induction in NRG mice reconstituted with isotype antibody-treated (n=10) 
and anti-NKG2D antibody-treated NK cells (n=9) prior to 60-minute tMCAO. NRG mice subjected to tMCAO served as control animals 
(n=11). D, Infarct volumes of naïve Rag1−/− mice after tMCAO (n=10, n=9) and animals that received preincubated NKG2D-blocked or 
isotype antibody-treated CD8+ T cells (ctr. n=11 vs αNKG2D n=8) and CD4+ T cells (ctr. n=13 vs αNKG2D n=12) prior to stroke induction. 
E, Infarct volumes of CD1d−/− mice, lacking NKT cells, and γδ−/− animals, devoid of γδ T cells, 24 hour after 60-minute tMCAO with and 
without blockade of NKG2D (CD1d−/−: ctr. n=9 vs αNKG2D n=15; γδ: ctr. n=11 vs αNKG2D n=12). NK indicates natural killer; NRG, NOD-
Rag1nullIL2rgnull; and tMCAO, transient middle cerebral artery occlusion.
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αNKG2D antibody reversed exacerbation of stroke out-
come in terms of reduced infarct volumes (αNKG2D: 
50.88 mm3±31.17 mm3, n=8, P=0.0073) and improved 
grip test scores relative to isotype control group 
(αNKG2D: 3.50±0.55, n=6, P=0.0346). However, anti-
NKG2D antibody treatment of CD4+ T cells before transfer 
in Rag1−/− mice was insufficient to reduce infarct volume 
volumes (Figure 2D, naïve: 52.24 mm3±24.72 mm3, n=9 
versus αNKG2D: 75.68 mm3±28.85 mm3, n=12 versus 
ctr.: 73.38 mm3±34.14 mm3, n=13) or to improve global 
neurological deficits as well as motor function after focal 
cerebral ischemia (Figure S3A).

Additionally, we used knockout animals devoid 
of specific immune cell types in the presence of an 
NKG2D blocking antibody. In CD1d−/− animals lacking 
NKT cells, administration of an anti-NKG2D block-
ing antibody did not affect stroke volume (Figure  2E, 
αNKG2D: 58.63 mm3±34.55 mm3, n=15 versus ctr.: 
85.82 mm3±48.56 mm3, n=9, P=0.138) and functional 
scores (Figure  S3B). In a knockout model devoid of 
γδ T cells, infarct volumes were reduced (Figure  2E, 
αNKG2D: 43.80 mm3±10.49 mm3, n=12 versus ctr.: 
81.82 mm3±16.52 mm3, n=11, P<0.0001) and functional 
scores were improved by αNKG2D antibody treatment 
(Figure S3B). Consequently, we demonstrated a role of 
NK cells and CD8+ T cells in NKG2D-mediated brain 
damage in the context of stroke.

NKG2D-Mediated Activation of CD8+ T 
Cells Is Independent of T-Cell Receptor 
Signaling and Acts Through Increased 
Cytotoxicity
The expression of NKG2D in CD8+ T cells depends 
on T cell receptor (TCR) activation.34 To distinguish 
between TCR-dependent or -independent effects of 

NKG2D activation for T cells in the context of stroke, 
we reconstituted Rag1−/− mice with T cells from TCR 
transgenic mice (OT-1 and OT-2). CD8+ T cells from 
OT-1 mice and CD4+ T cells from OT-2 mice harbor 
a monovariant TCR that only recognizes ovalbu-
min and, in its absence, prevents TCR activation of 
these cells. Incubation of OT-1 CD8+ T cells with anti-
NKG2D antibody prior to adoptive transfer into Rag1−/− 
mice resulted in smaller infarct volumes (Figure  3A, 
46.45 mm3±27.02 mm3, n=8, P=0.0112) relative to the 
isotype control group (93.35 mm3±36.56 mm3, n=8) 
but was not able to ameliorate neurological scores 
(Figure  S3C). However, adoptive transfer of OT-2 
CD4+ T cells with NKG2D-blockade before 60-minute 
tMCAO had no effect on infarct volume (Figure  3B, 
αNKG2D: 66.18 mm3±35.15 mm3, n=9 versus ctr.: 
72.07 mm3±27.56 mm3, n=9, P=0.387) and functional 
scores (Figure S3C). Thus, activation of CD8+ T cells via 
the NKG2D receptor is independent of TCR signaling.

To address the mechanism mediating protective ef-
fects after NKG2D blockade, we evaluated functional-
ity of NKG2D-blocked CD8+ T cells and NK cells after 
stroke by measuring the surface exposure of CD107a 
and thereby the release of cytotoxic granules in an in 
vitro cytotoxicity assay. After 60 minutes of tMCAO in 
anti-NKG2D and control antibody-treated WT animals, 
intracerebral leukocytes were isolated and in vitro 
stimulated with YAC-1 target cells in the presence of 
NKG2D blocking antibody and the respective isotype 
control antibody as well as anti-CD107a antibody. The 
analysis of CD107a as a marker for NK- and T-cell ac-
tivation and cytotoxic degranulation revealed a signifi-
cant decrease of CD107a expression on CD8+ T cells 
after NKG2D blockade (Figure  3C, 49.05%±6.91%, 
n=4) compared with control (63.03%±5.35%, n=7, 
P=0.0061). Comparing the proportion of CD107a+ NK 

Figure 3.  NKG2D signaling in CD8+ T cells is irrespective of antigen specificity in the context of ischemic stroke and 
mediates effects via increased cytotoxicity.
A, Infarct volumes were evaluated 24 hours after 60-minute tMCAO in Rag1−/− mice reconstituted with CD8+ T cells derived from 
OT-1 mice and preincubated with anti-NKG2D blocking (n=8) and control antibody (n=8). B, CD4+ T cells, isolated from OT-2 mice, 
were incubated with isotype control (n=9) and anti-NKG2D antibody (n=9) before transfer into Rag1−/− mice. Infarct volumes were 
assessed after 60-minute tMCAO. C, Proportion of CD107a+ CD8+ T cells and NK cells, derived from anti-NKG2D (n=4) and isotype 
antibody  (n=7) treated animals subjected to 60-minute tMCAO, and in vitro stimulated with YAC-1 target cells to assess cytolytic 
function. NK indicates natural killer; and tMCAO, transient middle cerebral artery occlusion.
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cells after NKG2D blockade and isotype control anti-
body treatment, NK cells display no difference in cy-
tolytic function in vitro (αNKG2D: 59.05%±11.27%, n=4 
versus ctr.: 65.40%±11.46%, n=7, P=0.40).

Regulation of NKG2D Ligand Expression 
in the Murine Brain After Focal Cerebral 
Ischemia
To identify interaction partners of NKG2D-expressing 
cells in stroke, we determined mRNA expression of 
NKG2D ligands in brain tissue of WT mice 24 hours 
after tMCAO. Expression of H60c, RAE-1, and ULBP1 
(MULT1) in the ipsilateral hemisphere was normalized to 
contralateral ligand expression. While mRNA expression 
of H60c (Figure  4A, 0.15±0.24) and RAE-1 (0.77±0.12) 
was unchanged among brain hemispheres, expres-
sion of the stress-inducible NKG2D ligand ULBP1 was 
significantly increased in ischemic cortices relative to 
contralateral expression (70.26±7.27, P=0.024). After 
pharmacological blockade of NKG2D signaling, mRNA 
expression in the ipsilateral cortices was normalized to 

the expression in brain tissue of isotype control-treated 
animals. After blockade of NKG2D signaling, expression 
of H60c (0.02±0.02, P=0.028) and ULBP1 (0.07±0.005, 
P=0.035) was significantly reduced compared with iso-
type control, while RAE-1 expression in the ipsilateral 
brain hemisphere tended to be reduced without reach-
ing statistical significance (Figure 4B, 0.22±0.02, P=0.11).

Relevance of NKG2D Signaling in Human 
Patients With Stroke
In post-mortem brain tissue from patients with is-
chemic stroke and control patients, we assessed the 
distribution of NKG2D-expressing immune cells. A 
higher abundance of NKG2D positivity was detected 
by histology of brains obtained from patients with 
stroke versus controls. Furthermore, infiltrated CD3+ T 
cells, CD4+ and CD8+ T-cell subsets, CD56+ NK cells 
and CD56+CD3+ NKT cells were absent in the control 
brain. However, in stroke lesions, we found CD4+ and 
CD8+ T cells, NK cells, and NKT cells that expressed 
the NKG2D receptor (Figure 5A).

Figure 4.  Expression of NKG2D ligands H60c, RAE-1, and ULBP1 (MULT1) in murine brain tissue after stroke.
A, Messenger RNA expression of H60c, RAE-1, and ULBP1 was analyzed by real-time polymerase chain reaction in brain lysates 
of WT mice 24 hours after stroke induction (n=4). B, Ipsilateral mRNA expression of H60c, RAE-1, and ULBP1 in brain lysates of WT 
mice treated with the anti-NKG2D blocking antibody (n=4) relative to ligand expression in the brain of isotype-treated animals (n=4) 
24 hours after stroke surgery. MULT1: murine UL16-binding protein-like transcript 1; RAE-1: retinoic acid early transcript 1; ULBP: 
cytomegalovirus UL16-binding protein; and WT: wild-type.
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Figure 5.  Distribution of NKG2D-expressing immune cells and their interaction with ligand-expressing brain 
resident cells in human stroke patients.
A, Representative immunofluorescence staining of NKG2D receptor as well as CD3+ T cells, CD4+ and CD8+ T cell 
subsets, CD56+ NK cells, and CD56+/CD3+ NKT cells in the brain of human patients with stroke and control patients. B, 
Representative immunofluorescence staining of NKG2D ligands (ULBP1, −3, and − 4) as well as NeuN+ neurons, CX3CR1+ 
microglia, CD68+ monocytes/microglia, and glial fibrillary acidic protein (GFAP+) astrocytes in control brain tissue and 
stroke lesions. ULBP: cytomegalovirus UL16-binding protein. NK indicates natural killer cell; and NKT, natural killer T cell.
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By colocalization studies of different markers for 
human NKG2D ligands (ULBP1, −3 and −4) and cen-
tral nervous system resident astrocytes (glial fibrillary 
acidic protein), neurons (NeuN), monocytes/microglia 
(CD68), and microglial cells (CX3CR1), we identified 
predominant interactions partners in NKG2D signaling. 
NKG2D ligand expression was demonstrated in brain 
tissue of control as well as stroke patients (Figure 5B). 
NeuN+ neurons express the NKG2D ligand ULBP1 and 
ULBP3, the latter is additionally expressed by CX3CR1+ 
microglial cells and CD68+ monocytes. ULBP4 was 
found to be coexpressed with the astrocytic marker 
glial fibrillary acidic protein.

DISCUSSION
Early and delayed inflammatory processes are critically 
involved in stroke pathogenesis. Modulation of immune 
cells by depletion, systemic arrest, or impaired cerebral 
infiltration was shown to have a protective effect in the 
context of stroke.4,35–37 Particularly, T and NK cells 
were demonstrated to contribute to stroke progres-
sion; however, underlying mechanisms remain poorly 
understood.4,5 We now highlight the activating immu-
noreceptor NKG2D as a key mediator of T and NK 
cell-related effects in ischemia-related brain damage. 
Absent NKG2D receptor expression in NKG2D−/− mice 
and pharmacological blockade of NKG2D receptor 
signaling before stroke were associated with improved 
stroke outcome 24 hours and 3 days after tMCAO. 
Therapeutic anti-NKG2D antibody treatment improved 
stroke outcome 24 hours after tMCAO, but the effect 
was absent after 3 days. These results suggest that 
blocking NKG2D receptor signaling delayed, rather 
than prevented ischemic tissue damage. Blockade of 
the NKG2D receptor may possibly be compensated by 
activation of other stimulatory receptor pathways, such 
as the CD94/NKG2C receptor complex, or by restric-
tion of inhibitory signaling. In the context of stroke, ex-
pression of a ligand for the inhibitory NKG2A receptor 
has been shown to be significantly reduced, suggest-
ing loss of NK-cell tolerance6 as another mechanism 
possibly involved in cerebral inflammation after is-
chemic injury.

In the extended therapeutic window of 3 hours 
after stroke, NKG2D blockade did not yield as con-
sistent effects as in the 1-hour treatment group. The 
observed effects of NKG2D blockade were no lon-
ger present, suggesting that treatment in the 3-hour 
time window occurred too late to target early infiltrat-
ing immune cells. Kinetics of post-stroke inflammation 
demonstrated accumulation of NK and T cells in the 
ischemic tissue as early as 3 hours after stroke induc-
tion.6,38 Therefore, these data further substantiate the 
relevance of the NKG2D signaling cascade in the early 
response to ischemia, at least in mice.

Numbers of brain-infiltrating immune cells are re-
duced after anti-NKG2D antibody treatment, indicat-
ing that NKG2D signaling influences inflammation after 
stroke. However, less immune cell infiltration into the 
ischemic brain may also have resulted from reduced 
infarct volumes. Our findings cannot prove causality 
of smaller infarct volumes and reduced cerebral im-
mune cells infiltration but rather remain on a correlative 
level. However, the fact that infarct volumes are like-
wise smaller following adoptive transfer of pretreated 
NKG2D-blocked immune cells (Figure  2C and 2D) 
suggests a significant role of distinct immune cells in 
NKG2D-mediated stroke pathogenesis. Reduced leu-
kocyte recruitment into the ischemic brain after NKG2D 
blockade is possibly related to reduced migratory ca-
pacity and less attraction of leukocytes into the brain 
since migration of CD4+ T cells into the central nervous 
system was already shown to be limited by blockade 
of NKG2D signaling in experimental autoimmune en-
cephalomyelitis (EAE), the animal model of multiple 
sclerosis.19 In a model of cardiac ischemia, NKG2D 
blockade resulted in decreased expressions of proin-
flammatory cytokines such as tumor necrosis factor 
(TNF) and interleukin-17 and the intercellular adhesion 
molecule (ICAM),25 which mediates transmigration of 
leukocytes across inflamed vascular endothelium into 
tissues.39 NKG2D signaling and associated inflamma-
tory processes might thus be involved in leukocyte re-
cruitment to inflamed tissue.

As the receptor is expressed on a variety of immune 
cell subsets, we intended to identify those that contribute 
to the observed NKG2D-mediated effects by specifically 
targeting individual cell types. Reconstitution of NRG 
mice with NK cells and adoptive transfer of CD8+ T cells 
in Rag1−/− mice without NKG2D-blockade before tMCAO 
resulted in larger infarct volumes, while they remained 
at baseline levels following reconstitution with NKG2D 
blocked cells. Thus, we were able to identify NK cells and 
CD8+ T cells as essential mediators of NKG2D-related 
detrimental effects in the context of stroke. However, a 
possible impact of NK cells in Rag1−/− mice cannot be 
excluded. Nevertheless, any effect of NK cells would be-
come equally visible in both NKG2D blocked and con-
trol antibody treated animals. Moreover, preincubation of 
adoptively transferred cells ensures targeting of NKG2D-
mediated effects in CD8+ and CD4+ T cells.

CD4+ T cells are not involved in NKG2D-mediated 
effects in stroke progression since NKG2D blockade in 
these cells failed to improve stroke outcome. However, 
in the context of autoimmune EAE, CD4+ T cells were 
shown to be critically involved in development of in-
flammatory central nervous system lesions,19 indicat-
ing the role of NKG2D+ CD4+ T cells to depend on the 
pathological conditions.

NKT and γδ T cells are rare cell populations, as 
demonstrated in our adoptive transfer experiments of 
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WT splenocytes into NRG mice. This is consistent with 
previous work, showing that NKT cells represent 0.2% 
to 2.5% of lymphocytes in the blood and lymphatic or-
gans40 and with 1% to 5% of circulating lymphocytes 
in the peripheral blood, the population of γδ T cells is 
a minor subset of T cells.41 In our rodent stroke model, 
transgenic γδ−/− knockout mice demonstrate signifi-
cantly reduced stroke volumes after NKG2D blockade 
even though these animals are devoid of γδ T cells. 
This indicates that NKG2D-related effects in stroke are 
independent of γδ T cells and mediated by other im-
mune cell subsets. We already identified NK cells and 
CD8+ T cells to mediate stroke progression via NKG2D 
signaling, and these cells are still present in the knock-
out model, driving the observed effects after NKG2D 
blockade. Nonetheless, due to rarity of γδ T cells, an 
involvement of this cell population cannot be excluded. 
Sixty minutes of tMCAO causes severe cerebral dam-
age that might override the pathophysiological contri-
bution of less frequent cell populations. Previous work 
demonstrated absence of γδ T cells to play a protective 
role in stroke by ameliorating brain injury and diminish-
ing inflammation. Interleukin-17 produced by γδ T cells 
was shown to recruit peripheral myeloid cells to the 
brain, thereby exacerbating ischemic brain damage.42 
Absence of NKT cells in CD1d−/− mice was associated 
with unchanged stroke outcome after NKG2D block-
ade, suggesting that NKT cells might be involved in 
NKG2D-related stroke progression. Adoptive transfer 
experiments with NKT and γδ T cells would have been 
more suitable to evaluate the contribution of these im-
mune cell subsets but are not viable due to method-
ological limitations. The small number of cells would 
have led to an excessive number of donor animals, 
which is not compatible with the 3R rules (replace-
ment, reduction, refinement). Additionally, viability of 
these cells after isolation via cell sorting was insuffi-
cient for adoptive transfer experiments.

Ligation of NKG2D can be directly stimulating or co-
stimulatory, raising the question whether the observed 
NKG2D-related effects in stroke are depending on 
antigen specificity in different lymphocytic subpopu-
lations. Activation of NKT cells and γδ T cells does not 
require classic antigen presentation. In general, NKT 
cells recognize antigens presented by the MHC class 
I-like protein CD1d, primarily expressed by antigen-
presenting cells,43,44 and once activated, they can kill 
target cells in a CD1d-dependent manner.45 NKG2D 
ligation in NKT cells was shown to mediate both direct 
CD1d-independent lysis of target cells as well as co-
stimulatory activation.46 Instead, activation of CD8+ and 
CD4+ T cells usually requires co-stimulatory signals. 
NKG2D engagement in CD8+ T cells was shown to 
act costimulatory and enhance TCR-mediated effector 
functions.18,34,47 It has also been reported that under 
certain circumstances, considering the activation 

status of the cell, these cells are directly activated by 
NKG2D without the contribution of the TCR.18 In stroke 
pathogenesis, detrimental effects of CD8+ T cells were 
shown to be independent of both TCR specificity and 
costimulation via CD28 and programmed cell death 
protein 1, but an underlying mechanism remained un-
known.4,34 Using genetically modified T cells with a 
TCR specifically binding to one predefined antigen (ov-
albumin), our results demonstrate that exacerbating ef-
fects of CD8+ T cells in cerebral ischemia mediated by 
NKG2D signaling are irrespective of antigen specificity 
and non–MHC restricted. We further demonstrated 
decreased cytotoxicity of CD8+ T cells after NKG2D 
blockade since the expression of CD107a as a marker 
for degranulation48 is reduced in an in vitro cytotoxic-
ity assay. The diminished cytolytic function indicates a 
less inflammatory phenotype of NKG2D-blocked CD8+ 
T cells. Together with the fact that no additional stim-
ulation of the TCR is required for cell activation, this 
emphasizes the relevance of NKG2D signaling in CD8+ 
T cells. However, NKG2D blockade did not change de-
granulation of NK cells in vitro in the context of stroke. 
Further studies on a potential NKG2D-mediated effect 
on cytokine production in NK cells are needed.

We further investigated the regulation of NKG2D li-
gand expression in the murine brain after stroke since 
differential expression of these ligands in normal tissue 
and pathological conditions is known.49,50 An elevated 
level of NKG2D ligand expression is able to override sig-
nals of class I–mediated NK inhibition, proving ligand 
expression to be an important variable in NKG2D sig-
naling.10,51 Expression of ULBP1 was highly increased 
in the ischemic cortices indicating facilitated receptor–
ligand interactions while H60c and RAE-1 expression 
were unchanged. Consistent with these findings, 
ULBP1 (MULT1) was shown to be significantly upregu-
lated in the central nervous system of EAE mice at the 
peak of disease, and RAE-1 and H60 were modestly 
or not altered at mRNA level.52 However, in a model 
of renal ischemia–reperfusion injury, H60 and ULBP1 
(MULT1) expression were not detectable in renal tubu-
lar epithelial cells, while RAE-1 was elevated revealing 
ligand expression to depend on a variety of factors 
such as cell type and environment.26 Multiple studies 
implied MULT1 to exhibit unique properties among all 
ligands for NKG2D since MULT1 binds the receptor 
with high affinity and shows a wider expression pat-
tern than other ligands.22 This indicates, together with 
our results, a broader role of ULBP1 (MULT1) in the 
context of stroke. Interestingly, H60c and ULBP1 were 
reduced in the ischemic hemisphere after NKG2D 
blockade, suggesting reduced cellular stress in the 
brain tissue of experimental animals since abundance 
of NKG2D ligands is generally low in healthy tissues 
but increases upon stress signals.49,50 The reduced in-
farct volumes after receptor blockade are associated 
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with limited immune cell infiltration that might in turn 
result in less cellular stress.

Our results obtained in mice might also be of rel-
evance in the human system. While the NKG2D re-
ceptor is only barely detectable in the brain of control 
patients, we demonstrated its expression on CD8+ and 
CD4+ T cells, NKT cells, and NK cells in brain tissue of 
stroke patients. Ligands of the NKG2D receptor were 
detected in both the control brain tissue and stroke 
lesions. While neurons express ULBP1, ULBP4 was 
solely colocalized with astrocytes and ULBP3 was 
found on neurons, monocytes, and microglia. Usually, 
the human ligands ULBP1-4 are known to be upregu-
lated upon stress signals,53 indicating a certain stress 
level in the control brains of our patients as well. These 
samples were taken from patients with no known pre-
existing stroke, but we cannot exclude increased stress 
levels in control brain tissue. Overall, translation of our 
results to the clinics must be critically assessed due to 
limitations of the animal model. To reduce heteroge-
neity of our results, we used the standardized stroke 
model of tMCAO that is established in young male 
mice. Further studies with female mice as well as aged 
and comorbid animals reflecting aspects of the primar-
ily affected elderly patients are needed. However, this 
study is a mechanistic proof-of-principle study rather 
than a translational approach, which would necessarily 
require these additional experimental conditions.

Our findings provide for the first time a mechanistic 
insight in the role of NKG2D in NK and CD8+ T cell-
mediated stroke progression. In both cell types, en-
gagement of NKG2D mediates a strong stimulatory 
signal since the receptor is able to overcome inhibitory 
signals in NK cells10 and does not require costimula-
tion of the TCR to activate CD8+ T cells in the context 
of stroke. Expression of the NKG2D receptor on rele-
vant immune cell subsets in murine and human stroke 
pathophysiology strengthens the relevance of the pre-
clinical observations for the human disease. NKG2D 
signaling is a complex and versatile pathway that acts 
as a master regulator of immune cell activation54 and 
along with the possibility of pharmacological modula-
tion, NKG2D and the associated pathway represent a 
promising treatment target. In conclusion, this work 
contributes to a better understanding of the complex 
immune pathophysiology of stroke and might provide 
new opportunities for drug development.
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Animals 

Of the 451 mice subjected to tMCAO, 62 mice (13.7%) met at least one exclusion criteria after randomization and 

were therefore withdrawn from the study. In total, 473 animals were included in this study. Detailed information 

on the number of excluded animals is provided in Table S1. 

 

Cell isolation 

Brain, spleen, and lymph nodes (LN) from intracardially PBS-perfused WT and NRG mice were isolated and 

single-cell suspensions were prepared. Brain tissue was dissociated into single-cell suspensions using the Multi 

Tissue Dissociation Kit 1 (Miltenyi Biotec, Germany) in combination with the gentleMACSTM Octo Dissociator 

with heaters (Miltenyi Biotec, Germany) according to the provided protocol. Briefly, the dissected brain was 

homogenized in C-Tubes containing enzyme mix in the gentleMACS Octo Dissociator using program 

37C_Multi_F. Debris and myelin were removed using the Debris Removal Solution.  

Spleen and lymph nodes were strained through a 40-μm nylon filter (BD Biosciences, Germany). After ammonium 

chloride-based erythrocyte lysis with Pharm Lyse lysing buffer (BD Biosciences, Germany) homogenates were 

resuspended in PBS (Gibco Life Technologies, USA) containing 2% FBS, hereinafter referred to as staining 

buffer.  

 

Adoptive transfer experiments 

Immunodeficient NRG mice were substituted with WT splenocytes. Single cell suspension was prepared as 

described before and 1 x 107 cells resuspended in PBS were injected intravenously in NRG mice. Leukocyte-

reconstituted NRG mice were sacrificed before, 1 and 5 days after the adoptive cell transfer. Spleen and LN were 

analyzed by flow cytometry to confirm success of the cell transfer up to 5 days after transfer. The control group 

received PBS without splenocytes (day 0).  

NK cells, CD4+ T cells, and CD8+ T cells were isolated from spleen and LN cell suspensions of WT mice. The 

different immune cell subsets were enriched by magnetic bead-based cell separation (NK cell isolation kit, CD4+ 

T cell isolation kit, CD8+ T cell isolation kit, Miltenyi Biotec, Germany) according to the supplier’s manual prior 



 

to flow cytometric cell sorting. Purity of ≥ 90% was achieved in all experiments. NK cells, CD4+ T cells, and 

CD8+ T cells were treated in vitro for 1 hour with the anti-NKG2D blocking antibody (CX5; 10µg/ml) and the 

respective Rat IgG1 isotype control antibody (eBRG1). 1 x 106 NK cells resuspended in PBS were injected 

intravenously by tail vein injection in NRG mice. Rag1-/- mice were reconstituted with 1 x 106 CD4+ and CD8+ T 

cells in PBS. 24 hours after injection, reconstituted NRG or Rag1-/- mice and control animals were exposed to 60-

minutes tMCAO. 

OT-I CD8+ T cells and OT-II CD4+ T cells with transgenic ovalbumin-specific T cell receptors were isolated from 

spleen and LN cell suspensions of OT-I and OT-II mice by MACS column-based isolation method using the CD8+ 

and CD4+ T cell isolation kit (Miltenyi Biotec, Germany) according to the supplier’s manual. Adoptive transfer 

of 1 x 106 T cells in PBS was performed intravenously by tail vein injection in Rag1-/- mice after 1-hour 

preincubation with the blocking anti-NKG2D antibody and the respective isotype control. T cell-reconstituted 

Rag1-/- mice were subjected to tMCAO 24h after injection.  

The control group received PBS without cells. NK cells, CD4+ T cells, and CD8+ T cells were analyzed for purity 

prior to transfer.  

 

Flow cytometry 

1 x 106 cells were surface stained for 30 min at 4°C with the appropriate combination of indicated fluorescence-

labeled monoclonal antibodies in staining buffer following standard protocols. Fluorescence of cells was measured 

using a MACSQuant® Analyzer 10 Flow Cytometer (Miltenyi Biotec, Germany), a BD FACS Calibur Flow 

Cytometer (BD Biosciences), a Gallios Flow Cytometer (Beckman Coulter), or a BD FACS Aria III Cell Sorter 

(BD Biosciences, Germany) with BD FACS Diva 8.0 software (BD Biosciences, Germany). Frequencies of 

leukocyte subsets were analyzed with FlowJo 10.0 (LLC, OR, USA) or Kaluza Analysis Software (Beckman 

Coulter) and are referred to the CD45+ leukocyte gate. NKG2D receptor expression was depicted as the mean 

fluorescence intensity. The following murine fluorescently labeled antibodies were used: CD45 (30-F11, Cat. 

103116), CD3 (17A2, Cat. 100204), CD4 (RM4-5, Cat. 100531), CD8 (53-6.7, Cat. 100752), TCR γ/δ (GL3, Cat. 

118118), CD49b (DX5, Cat. 108908), NKG2D (CX5, Cat. 130212), CD161 (PK136, Cat. 108722; all BioLegend, 

CA, USA) and CD335 (29A1.4, 25-3351-82; Invitrogen, MA, USA). In the degranulation assay, the following 

fluorescently labeled antibodies purchased from Miltenyi Biotec were used: CD3 (17A2, Cat. 130-118-849), 

CD45 (REA737, Cat. 130-110-803), CD8a (REA601, Cat. 130-120-822), NKG2D (CX5, Cat. 130-102-730), 

CD107a (REA777, Cat. 130-111-505), CD161 (REA1162, Cat. 130-120-510). 



 

 

RNA isolation and real-time quantitative PCR (qPCR) of NKG2D ligands 

RNA was isolated with the Quick-RNA Microprep Kit (Zymo Research, Germany) following the manufacturer’s 

protocol. Tissue homogenates and cells were lysed in RNA Lysis buffer, followed by sample clearing. The 

supernatant was mixed with 95-100% ethanol and in-column DNAse treatment was performed. RNA was eluted 

by pre-warmed DNase/RNase-free water (15 μl). RNA quality was measured with Nanodrop by A260/A280 and 

A260/A230 ratios.  

Reverse transcription was performed with Maxima Reverse Transcriptase (Thermo scientific, Germany) and 

hexamer primers. Following this, 100 ng cDNA was used for realtime qPCR with TaqMan Master Mix (Maxima 

probe/ROX; Applied Biosystem, Germany). To this end, 1 μM of each primer (target primers: murine H60c, 

Mm04243526_m1; murine RAE-1, Mm00558293_g1; murine MULT-1, Mm01180648_m1; Thermo scientific, 

Germany) or 1 μM housekeeping primer for the respective control (18s, #4333760T), 10 μl of maxima 

probe/carboxyrhodamine (ROX) fluorescent dye, 4µl of DNA-free aqua and 100 ng cDNA (4µl) were mixed. Run 

was performed on a StepOnePlusTM Real-Time PCR System (Applied Biosystems, Germany) according to the 

following steps: hold - 2 min 50°C, initial denaturation - 10 min 95°C, amplification - (40x) 10 s 95°C - 45 s 58°C 

- 1 min 72°C. Data were analyzed with the StepOne software (Applied Biosystems, v2.1) calculating relative 

expression levels of H60c, RAE-1, and MULT-1 in the ipsilateral hemisphere by normalization to the contralateral 

ligand expression. In one set of experiments, expression levels in ipsilateral brain tissue of blocking antibody-

treated mice were normalized to ligand expression in ipsilateral brain tissue of control antibody-treated animals. 

 

Immunofluorescence staining of NKG2D-expressing cells and NKG2D ligands 

Human post-mortem brain tissue was obtained in accordance with the principles of the Declaration of Helsinki 

and the local Ethics Committee approved the study. In Table S2 and S3, details on patient data and origin of the 

brain samples are provided.  

Paraffin-embedded human brain tissue was sectioned into 5µm thick slices, deparaffinized and rehydrated. 

Sections were heated in citrate buffer for antigen retrieval, rinsed in PBS and incubated for 1 hour in 5% BSA in 

PBS to prevent unspecific antibody binding prior to incubation with following primary antibodies: anti-CD3 (1:50; 

MCA1477, Bio-Rad), anti-CD4 (1:100; MAB3706, Millipore), anti-CD8 (1:50; MA1-80231, Thermo Scientific), 

anti-NKG2D (1:200; ab89807, abcam and 1:100; ab203353, abcam), anti-CD56 (1:200; RBK050, Zytomed), anti-

ULBP1 (1:50; MAB1380, R&D Systems), anti-ULBP3 (1:50; MAB1517, R&D Systems), anti-ULBP4 (1:50; 



 

MAB6285, R&D Systems), anti-NeuN (1:250; ab177487, abcam), anti-GFAP (1:1000; 13-0300, Invitrogen), anti-

CX3CR1 (1:100; ab8021, abcam) and anti-CD68 (1:100; PA5-32330, Invitrogen). Primary antibodies incubated 

overnight at 4 °C. Secondary antibodies conjugated with Alexa Fluor 488, Alexa Fluor 555, and Alexa Fluor 647 

(1:250; Invitrogen) were applied in combination with DAPI (Sigma) for nuclear counterstaining and slides 

incubated for 1.5 hours at room temperature. Images were taken with a fluorescence microscope (Leica DMi8; 

Leica-Microsystems, Germany) and processed with ImageJ, Adobe Photoshop, or Illustrator.  



 

Table S1. Excluded animals for each experimental group. 

Animals Treatment 
Treatment 

timing 

Ischemia 

Model 

Experiment 

Duration 

Excluded 

Animals 
Figure 

C57BL/6 WT - - 
tMCAO 24 h 

1 of 7 1A + 

S1A NKG2D KO - - 0 of 7 

C57BL/6N WT isotype ctr. 
prophylactic tMCAO 24 h 

0 of 5 1C brain 

C57BL/6N WT αNKG2D 0 of 5 1C brain  

C57BL/6N WT isotype ctr. 

prophylactic tMCAO 5 days 

0 of 13 

(survial curve) 
1D 

C57BL/6N WT αNKG2D 
0 of 14 

(survial curve) 

C57BL/6N WT isotype ctr. 
prophylactic tMCAO 24 h 

4 of 19 1C spleen 

+ 1E C57BL/6N WT αNKG2D 2 of 16 

C57BL/6N WT isotype ctr. 
prophylactic tMCAO 72 h 

4 of 14 1C spleen 

+ 1E C57BL/6N WT αNKG2D 2 of 17 

C57BL/6N WT isotype ctr. 
therapeutic tMCAO 24 h 

6 of 20 
1E 

C57BL/6N WT αNKG2D 6 of 20 

C57BL/6N WT isotype ctr. 
therapeutic tMCAO 72 h 

2 of 12 
1E 

C57BL/6N WT αNKG2D 1 of 12 

C57BL/6N WT isotype ctr. 
prophylactic tMCAO 24 h 

2 of 12 
1F 

C57BL/6N WT αNKG2D 1 of 13 

NRG - - 

- 

0 h (baseline) 0 of 6 

2A+B NRG AT splenocytes - 24 h 0 of 8 

NRG AT splenocytes - 5 days 0 of 8 

NRG - - 

tMCAO 24 h 

1 of 12 

2C NRG 
AT NK cells + 

isotype ctr. 
pre-incubation 0 of 10 

NRG 
AT NK cells + 

αNKG2D 
pre-incubation 1 of 10 

Rag1 KO - - 

tMCAO 24 h 

0 of 10 

2D Rag1 KO 
AT CD8+ T cells + 

isotype ctr. 
pre-incubation 2 of 13 

Rag1 KO 
AT CD8+ T cells + 

αNKG2D 
pre-incubation 2 of 10 

Rag1 KO - - 

tMCAO 24 h 

1 of 10 

2D Rag1 KO 
AT CD4+ T cells + 

isotype ctr. 
pre-incubation 2 of 15 

Rag1 KO 
AT CD4+ T cells + 

αNKG2D 
pre-incubation 1 of 13 

CD1d KO isotype ctr. 
pre-incubation tMCAO 24 h 

1 of 10 
2E 

CD1d KO αNKG2D 3 of 18 

γδ KO isotype ctr. 
pre-incubation tMCAO 24 h 

1 of 12 
2E 

γδ KO αNKG2D 0 of 12 

Rag1 KO 
AT OT-1 CD8+ T 

cells + isotype ctr. 
pre-incubation tMCAO 24 h 

2 of 10 

3A 

Rag1 KO 
AT OT-1 CD8+ T 

cells + αNKG2D 
2 of 10 

Rag1 KO 
AT OT-2 CD4+ T 

cells + isotype ctr. 
pre-incubation tMCAO 24 h 

1 of 10 

3B 

Rag1 KO 
AT OT-2 CD4+ T 

cells + αNKG2D 
4 of 13 



 

C57BL/6N WT isotype ctr. 
prophylactic tMCAO 24 h 

1 of 8 
3C 

C57BL/6N WT αNKG2D 1 of 5 

C57BL/6N WT - - 
tMCAO 24 h 

0 of 4 
4A 

C57BL/6N WT - - 0 of 4 

C57BL/6N WT isotype ctr. 
prophylactic  tMCAO 24 h 

0 of 4 
4B 

C57BL/6N WT αNKG2D 0 of 4 

C57BL/6N WT isotype ctr. therapeutic 

3 h  
tMCAO 24 h 

3 of 10 
S2A 

C57BL/6N WT αNKG2D 2 of 8 

 



Table S2. Details on control patients. 

 age 

[years] 
sex 

neurologically relevant  

pre-existing diseases 
cause of death 

patient1 59 ♂ none known cardiogenic shock 

patient2 69 ♀ none known septic shock, multi-organ failure 

patient3 76 ♂ none known cardiogenic shock 

 



Table S3. Details on stroke patients and tissue origin. 

 age 

[years] 
sex 

time after 

stroke 

stroke 

etiology 
anatomical brain region location of the sample 

patient 1 68 ♂ 14 days embolic 
territory of A. cerebri media, 

parietal left 

infarct area, parietal 

left 

patient 2 57 ♂ 2 years embolic 
territory of A. cerebri media, 

temporal-parietal right 

infarct area, temporal-

parietal right 

  



 

Figure S1. Functional stroke outcome and cerebral vessel density in WT and NKG2D-/- mice after stroke.  

 

(A) Global neurological deficits (Bederson score) and motor function (grip test) of NKG2D-/- (n=7) and WT mice 

(n=6) 24h after tMCAO. (B) Numbers of CD31+ vessels per mm2 in the brain of WT (n=3) and NKG2D-/- mice 

(n=4) after 60-minutes tMCAO. (C) Relative numbers of CD49b+ NK cells in the spleen and in the brain of anti-

NKG2D and isotype control antibody-treated WT mice 24h after stroke (spleen: ctr. n=4 vs. αNKG2D n=6; brain: 

ctr. n=5 vs. αNKG2D n=5). tMCAO: transient middle cerebral artery occlusion; WT: wildtype  



 

Figure S2. Stroke outcome after pharmacological blockade of NKG2D signaling in an extended 3-hour time 

window after stroke induction. 

 

(A) Infarct volumes and functional scores of WT mice treated 3h post-stroke with isotype control (n=7) and 

αNKG2D antibody (n=6), evaluated 24h after 60-minutes tMCAO. tMCAO: transient middle cerebral artery 

occlusion; WT: wildtype  



 

Figure S3. Functional stroke outcome of adoptive transfer and transgenic animal models after NKG2D 

signaling blockade. 

 

(A) Functional stroke outcome of naïve Rag1-/- mice and animals reconstituted with CD8+ and CD4+ T cells that 

were preincubated with anti-NKG2D and control antibody before cell transfer. Bederson score and grip test were 

evaluated 24h after 60-minutes tMCAO (CD8+: Rag1-/- n=10 vs. ctr. n=11 vs. αNKG2D n=6; CD4+: Rag1-/- n=8 

vs. n=12 vs. αNKG2D n=12). (B) Global neurological deficits (Bederson score) and motor function (grip test) of 

CD1d-/- mice and γδ-/- animals 24h after 60-minutes tMCAO with and without pharmacological blockade of 

NKG2D (CD1d-/-: ctr. n=9 vs. αNKG2D n=12; γδ: ctr. n=11 vs. αNKG2D n=12). (C) Functional scores of Rag1-

/- mice supplemented with CD8+ T cells from OT-1 mice as well as CD4+ T cells from OT-2 mice 24h after 

tMCAO. T cells were pretreated in vitro with an anti-NKG2D blocking antibody and the respective isotype control 

(OT-1: ctr. n=8 vs. αNKG2D n=8; OT-2: ctr. n=9 vs. αNKG2D n=8). tMCAO: transient middle cerebral artery 

occlusion 
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