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Abstract
Background and Objectives
We posit the involvement of the natural killer group 2D (NKG2D) pathway in multiple sclerosis
(MS) pathology via the presence of specific NKG2D ligands (NKG2DLs). We aim to evaluate
the expression of NKG2DLs in the CNS and CSF of patients with MS and to identify cellular
stressors inducing the expression of UL16-binding protein 4 (ULBP4), the only detectable
NKG2DL. Finally, we evaluate the impact of ULBP4 on functions such as cytokine production
and motility by CD8+ T lymphocytes, a subset largely expressing NKG2D, the cognate receptor.

Methods
Human postmortem brain samples and CSF from patients with MS and controls were used to
evaluate NKG2DL expression. In vitro assays using primary cultures of human astrocytes and
neurons were performed to identify stressors inducing ULBP4 expression. Human CD8+

T lymphocytes from MS donors and age/sex-matched healthy controls were isolated to eval-
uate the functional impact of soluble ULBP4.

Results
We detected mRNA coding for the 8 identified human NKG2DLs in brain samples from
patients with MS and controls, but only ULBP4 protein expression was detectable by Western
blot. ULBP4 levels were greater in patients with MS, particularly in active and chronic active
lesions and normal-appearing white matter, compared with normal-appearing gray matter from
MS donors and white and gray matter from controls. Soluble ULBP4 was also detected in CSF
of patients with MS and controls, but a smaller shed/soluble form of 25 kDa was significantly
elevated in CSF from female patients with MS compared with controls and male patients with
MS. Our data indicate that soluble ULBP4 affects various functions of CD8+ T lymphocytes.
First, it enhanced the production of the proinflammatory cytokines GM-CSF and interferon-γ
(IFNγ). Second, it increased CD8+ T lymphocyte motility and favored a kinapse-like behavior
when cultured in the presence of human astrocytes. CD8+ T lymphocytes from patients with
MS were especially altered by the presence of soluble ULBP4 compared with healthy controls.

Discussion
Our study provides new evidence for the involvement of NKG2D and its ligand ULBP4 in MS
pathology. Our results point to ULBP4 as a viable target to specifically block 1 component of
the NKG2D pathway without altering immune surveillance involving other NKG2DL.
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Multiple sclerosis (MS) is a chronic inflammatory disease of the
CNS. The neuropathologic hallmarks include demyelinating
areas, neuronal/axonal loss, and gliosis.1 Reactive astrocytes,
defined as those “undergoing morphological, molecular, and
functional changes in response to pathologic situations,”2 are
commonly present inMS lesions. The key roles of astrocytes in
shaping local inflammatory responses are increasingly recog-
nized; indeed, these glial cells interact with other neural cells as
well as infiltrating leukocytes.3 Notably, CNS-infiltrating im-
mune cells are associated with active demyelination and neu-
rodegeneration inMS.1 Among infiltrating lymphocytes, CD8+

T lymphocytes are very abundant, although their contribution
to MS pathobiology is incompletely resolved.1

Natural killer group 2D (NKG2D) is a (co)activating receptor
expressed by immune effector cells including natual killer (NK)
cells, CD8+T lymphocytes, and subsets of CD4+T lymphocytes.
NKG2D acts on numerous immune functions; for example, it
provides costimulation to T lymphocytes increasing cytotoxicity,
chemokine responsiveness, and inflammatory cytokine pro-
duction.4 NKG2D-expressing T lymphocytes are enriched in
sites targeted by chronic inflammatory diseases and are as-
sociated with the production of inflammatory mediators such
as in active skin lesions of patients with vitiligo, intestinal
epithelium of patients with active celiac disease, and gut
lamina propria of patients with Crohn disease.5,6 Results from
others and our group pinpoint the NKG2D pathway as a key
player in MS pathology, especially through T lymphocyte–
mediated mechanisms. In MS brain lesions, all infiltrating
CD8+ T lymphocytes express NKG2D, and the number of
NKG2D+ CD4+ T lymphocytes is elevated compared with
non-MS controls.7 NKG2D+ CD4+ T lymphocytes are more
abundant in the blood of patients with MS during relapse, and
these T lymphocytes have an encephalitogenic profile, with
enhanced cytolytic and migratory capacities.7 In addition, we
showed that passive experimental autoimmune encephalo-
myelitis (EAE) is less severe in NKG2D-deficient recipient
mice than their wild-type counterparts.8 Moreover, conditional
deletion of NKG2D in T lymphocytes reduced active EAE
disease severity compared with wild-type counterparts.9

NKG2Dcan recognizemultiple ligands (referred asNKG2DLs)
grouped in humans into themajor histocompatibility complex
class I chain-related protein (MIC) (MICA and MICB) and

UL16-binding protein (ULBP 1-6) families.10 Under normal
physiologic conditions, these ligands are expressed at low or
undetectable levels but are induced by cellular stress, serving
to alert the immune system.10 Accumulating evidence sup-
ports the notion that distinct cell types upregulate specific
NKG2DLs in response to different stresses, including DNA
damage, inflammation, oxidative stress, and endoplasmic re-
ticulum (ER) stress.10,11 The surface protein expression of
each NKG2DL is finely regulated by multiple mechanisms
at the transcriptional, translational, and posttranslational
levels including shedding of soluble forms.10,11 Therefore,
NKG2DL expression is cell type and environment specific,
and such diversity of ligand expression could facilitate the
targeting of precise elements of the NKG2D pathway
depending on disease context.10,11

Several cellular stressors (i.e., inflammation and oxidative
stress) are present in MS brains1; whether they trigger
NKG2DLs in specific human CNS cell types is unresolved.
Elevated levels of soluble NKG2DLs in biological fluids of
other inflammatory diseases are linked to enhanced autoim-
mune T lymphocyte activation.12 Soluble MICA/B is detected
in the serum of patients with MS,13 but there are no data
available for CSF. We have previously detected MICA/B+ ol-
igodendrocytes in MS brain tissue; we also observed CD8+

T lymphocytes in close proximity to these MICA/B+ cells.
Therefore, our results support the possibility of in vivo contact
between T lymphocytes and NKG2DL+ CNS cells in MS.14

Whether other neural cells in patients with MS express specific
NKG2DLs and therefore may be recognized by NKG2D-
expressing T lymphocytes has not been determined.

Here, we investigate whether specific NKG2DLs could be
involved in MS pathobiology. We found higher levels of
ULBP4 in the brain of patients with MS compared with
controls and identified astrocytes as the predominant cell type
expressing this ligand. In addition, we showed elevated levels
of soluble ULBP4 in the CSF of female patients with MS.
Finally, we demonstrate that soluble ULBP4 enhances the
secretion of inflammatory cytokines by CD8+ T lymphocytes.
Moreover, the addition of soluble ULBP4 alters the motility
and behavior of CD8+ T lymphocytes cocultured with human
astrocytes. Our results support the involvement of ULBP4 in
the neuroinflammatory context of MS pathology.

Glossary
BBB = blood-brain barrier; CA = chronic active; EAE = experimental autoimmune encephalomyelitis; ER = endoplasmic
reticulum;GBM = glioblastomamultiforme;GFAP = glial fibrillary acidic protein;GM-CSF = granulocyte-macrophage colony-
stimulating factor; IFNγ = interferon-γ;MIC = major histocompatibility complex class I chain-related protein;MICA = major
histocompatibility complex class I chain-related protein A; MICB = major histocompatibility complex class I chain-related
protein B;MS = multiple sclerosis;MULT1 = murine UL16-binding proteinlike transcript 1;NAGM = normal-appearing gray
matter; NAWM = normal-appearing white matter; NK = natural killer; NKG2D = natural killer group 2D; OND = other
neurologic disorder; PPMS = primary progressive MS; rhULBP4 = recombinant human ULBP4; RRMS = relapsing-remitting
MS; SPMS = secondary progressive MS; TNF = tumor necrosis factor; ULBP4 = UL16-binding protein 4.
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Methods
Ethics
Written informed consent was obtained from patients with MS
and controls in accordance with the local ethical committee, and
studies were approved by the Centre Hospitalier de l’Université
de Montréal ethical board (BH 07.001, HD 07.002). Patients
were recruited from the CHUM MS Clinic and clinically clas-
sified as relapsing-remitting MS (RRMS), primary progressive
MS (PPMS), or secondary progressiveMS (SPMS) according to
the revised 2017 McDonald criteria15 by a highly trained MS
neurologist (P.D., M.G., C.L., or A.P.). CSF was obtained from
patients undergoing lumbar puncture for diagnostic purpose;
these samples included untreated patients confirmed as MS or
affected by other neurologic disorder (OND). OND included
patients diagnosed with migraine, chronic fatigue, epilepsy, or
postoperative complications. The number of patients and con-
trols for each assay is indicated in figure legends.

Standard Protocol Approvals, Registrations,
and Patient Consents
Human fetal brain tissue (16–23 weeks old) was obtained on
obtaining written informed consent (ethical committee of CHU
Sainte-Justine, CER#2126; University of Washington Birth
Defects Research Laboratory Seattle, WA, STUDY00000380).

These studies were approved by the CHUM ethics boards
(BH07.001, HD07.002).

Statistical Analysis
Data analysis was performed using GraphPad Prism 9.2 software
(San Diego, CA). When data passed the Shapiro-Wilk or the
D’Agostino-Pearson normality test, the paired t test or 1-way
analysis of variance was performed, and data are presented as
mean ± SEM. When data did not pass the normality test, the
Wilcoxon test, Friedman test, or Kruskal-Wallis test was used,
and data are presented as mean. Values were considered sta-
tistically significant when probability (p) values were as follows:
p ≤ 0.05 (*), p ≤ 0.01 (**), p ≤ 0.001 (***), or p ≤ 0.0001 (****).

Data Availability
Data not provided in the article because of space limitations
can be shared at the request of other investigators for the
purpose of replicating procedures and results.

Results
ULBP4 Is Elevated in Brain Lesions and Normal-
AppearingWhiteMatter FromPatientsWithMS
To assess whether NKG2DLs are expressed in human brains,
we extracted RNA from snap-frozen brain tissues from patients

Figure 1 ULBP4 Expression Is Elevated in Brain Lesions From Patients With MS

(A) Relative mRNA expression of ULBP4 in post-
mortem brain samples from untreated patients
withMS and controls (epilepsy) (Ctl) expressedas 2-
DCt compared with 18S. Each dot represents 1 do-
nor (n = 3 per group). Data are shown as mean +
SEM. (B and C) Western blot analysis of ULBP4 in
postmortem brain lysates from patients with MS
and controls (Ctl). MS samples were characterized
asactive (A)MS lesion, chronic active (CA)MS lesion,
NAWM, and NAGM. Control samples were dis-
sected from either white or gray matter (WM/GM).
(B) Representative Western blot showing ULBP4
and GAPDH detection in samples from 1MS donor
and 1 control as well as the positive control
rhULBP4. (C) Quantification of 50 kDa (C.a) and 45
kDa (C.b) ULBP4 bands relative to GAPDH levels.
Each dot represents 1 donor. Data are shown as
mean for 5–6 patients with MS (5 untreated SPMS
and 1 fingolimod-treated transitional RRMS-SPMS)
and 6 controls. Comparison between different
groups is indicated with lines: Kruskal-Wallis test
and uncorrected Dunn test; *p < 0.05, **p < 0.01,
and ***p < 0.001. CA = chronic active; GAPDH =
glyceraldehyde 3-phosphate dehydrogenase; MS =
multiple sclerosis; NAGM = normal-appearing gray
matter; NAWM = normal-appearing white matter;
rhULBP4 = recombinant human ULBP4; RRMS =
relapsing-remitting MS; SPMS = secondary pro-
gressive MS; ULBP4 = UL16-binding protein 4.
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with MS and controls and performed real-time quantitative
reverse transcription–PCR (eMethods, links.lww.com/NXI/
A669). mRNA coding for the 8 identified human NKG2DLs
(ULBP 1–6 and MICA, B) was detected in all brain samples
tested (Figure 1A and eFigure 1A). Because these ligands are
tightly regulated at multiple levels shaping their protein ex-
pression,11 we evaluated the protein expression of NKG2DLs
byWestern blot (eMethods). AlthoughULBP4was detected in
human brain lysates, levels of other NKG2DLs (ULBP1,
ULBP2/5/6, ULBP3, and MICA/B) were below detection in
these samples (Figure 1, B and C and eFigure 1B). To char-
acterize the expression of ULBP4 in the brain, active (A) and
chronic active (CA) MS lesions, normal-appearing white
matter (NAWM), and normal-appearing graymatter (NAGM)
from patients withMS and white and graymatter from controls
were compared. Two main bands were detected at approxi-
mately 45 and 50 kDa, corresponding to ULBP4 (Figure 1B).
To validate the specificity of ULBP4 detection, recombinant
human ULBP4 (rhULBP4), which has an additional tail, was
included as a positive control and was detected at the expected
size (65 kDa) reported by the vendor. We also confirmed the
specificity of ULBP4 detection as preabsorption of the anti-
ULBP4 antibody with the rhULBP4 abolished ULBP4 de-
tection from protein lysates (data not shown). Quantification
of ULBP4 relative to the endogenous control (glyceralde-
hyde 3-phosphate dehydrogenase) indicated that the 50-kDa

ULBP4 band was significantly elevated in both types of MS
lesions (A and CA) compared with NAGM from patients with
MS and both white and gray matters from controls (Figure 1, B
and C). Relative amounts of the ULBP4 50 kDa band were also
significantly greater in NAWM from patients with MS than in
graymatter from normal-appearingMS brain and controls. The
45-kDa ULBP4 band was significantly more abundant in active
and CA MS lesions compared with NAGM from patients with
MS and gray matter from controls. Taken together, our results
indicate that the protein levels of ULBP4 are elevated in
postmortem brain tissue from patients with MS, especially in
MS lesions compared with controls.

ULBP4 Is Mainly Expressed by Astrocytes in
MS Brains
To characterize the ULBP4 expression in postmortem brain
tissues, we performed immunostaining on paraffin-embedded
brain sections from 4 patients with MS and 4 controls
(Figure 2, eMethods, links.lww.com/NXI/A669). ULBP4
expression was elevated in MS brain sections compared with
controls, especially in MS lesions compared with NAGM
(Figure 2A). Despite the low abundance of ULBP4 detected
by Western blot in controls (Figure 1B), ULBP4-expressing
cells were observed in control samples by immunohistos-
taining (Figure 2A). To identify the cell types with detectable
ULBP4, cellular markers for astrocytes (glial fibrillary acidic

Figure 2 ULBP4 Is Mainly Expressed by Astrocytes in Brain Tissue From Patients With MS and Controls

(A) Representative images for the cos-
taining of ULBP4 (cyan) and GFAP (ma-
genta) in paraffin-embedded sections
from untreated MS donors (NAGM and
WM lesion) and controls (no brain re-
lated disease); n = 4 for each group.
Nuclei were stained with 4’,6-dia-
midino-2-phenylindole (blue). Corre-
sponding isotype controls are shown.
Yellow arrows indicate ULBP4+GFAP+

cells, and red arrows indicate ULBP4-
negative GFAP+ cells. Scale bars =
25 μM. (B) Representative enlarged
image showing colocalization of GFAP
and ULBP4 in the brain section. Scale
bars = 10 μM. GFAP = glial fibrillary
acidic protein; MS = multiple sclerosis;
NAGM = normal-appearing gray mat-
ter; WM = white mater; ULBP4 = UL16-
binding protein 4.
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protein [GFAP]) and neurons (microtubule associated pro-
tein 2 [MAP2]) were used (eMethods). We noted an im-
portant colocalization of ULBP4 with GFAP (yellow arrows),
but not MAP2+ cells, confirming that astrocytes, and not
neurons, are the predominant cells expressing ULBP4
(Figure 2B, eFigure 2). A subset of GFAP+ cells that did not
express ULBP4 (red arrows) was also noted. In summary, our

results identify astrocytes as the predominant cell type
expressing ULBP4 in the brain of patients with MS.

Cellular Stress Increases ULBP4 Expression by
Human Astrocytes
Multiple cellular stressors can increase NKG2DLs in a cell type
specific fashion.10 Moreover, brain cells, including astrocytes,

Figure 3 Several Types of Cellular Stress Increase the Proportion of ULBP4-Expressing Astrocytes

(A–C) Flow cytometry analysis of ULBP4 expression by human astrocytes. (A) Gating strategy from 1 representative donor. Cell debris, doublets, and dead cells
were excluded, and GFAP+ cells were selected for analysis. (B) Representative dot plots showing isotype control (B.a) or ULBP4 detection on living GFAP+ gated
cells. Astrocytes were either kept under normal culture conditions (NIL) (B.b) or exposed to sodiumarsenite (Na Arsenite) for 2 (B.c) and 6 hours (B.d). Percentage
of ULBP4+ cells is indicated. (C) Quantification of ULBP4 expression onGFAP+ cells after exposure to sodiumarsenite (C.a), tunicamycin (C.b), or proinflammatory
cytokines (C.c). Eachdot represents 1 donor.Data are shownasmeanormean+SEM, n = 7–9. Friedman test andDunnmultiple comparison test comparingNIL vs
Na Arsenite or DMSO vs tunicamycin; 1-way analysis of variance comparing NIL vs cytokine *p < 0.05, **p < 0.01 ***p < 0.001. DMSO= dimethylsulfoxide; GFAP =
Glial fibrillary acidic protein; MS = multiple sclerosis; IFNγ = interferon-γ; TNF = tumor necrosis factor; ULBP4 = UL16-binding protein 4.
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exhibit markers of ER and oxidative stress in MS lesions,1,16

and several proinflammatory cytokines, including tumor
necrosis factor (TNF) and interferon-γ (IFNγ), are ele-
vated in MS brain tissues.17 To identify cellular stressors
that upregulate ULBP4 expression in astrocytes, the main
source of ULBP4 in brain tissues, we used our well-
established primary cultures of human astrocytes and
assessed ULBP4 expression by flow cytometry (Figure 3,
eMethods, links.lww.com/NXI/A669). We exposed astro-
cytes to 3 types of cellular stress that are relevant in the
context of MS: inflammation, ER stress and oxidative stress,
as modeled by TNF/IFNγ, tunicamycin, and sodium

arsenite, respectively. Concentrations and exposure time of
stressors were validated so as to avoid significant cell death.
Following exposure to these stressors, a significantly in-
creased proportion of astrocytes expressed ULBP4, with
the TNF/IFNγ combination inducing the strongest in-
crease (Figure 3, B and C). In contrast, these cellular
stressors did not significantly alter the low ULBP4 ex-
pression by human neurons isolated from the same CNS
tissue as astrocytes (eFigure 2, B–D). Thus, these results
demonstrate that human astrocytes increase ULBP4 ex-
pression in response to inflammation, ER, and oxidative
stress.

Figure 4 Soluble ULBP4 Is Elevated in CSF From Female Patients With MS and Enhances Proinflammatory Properties of
CD8+ T Lymphocytes

(A andB)Western blot analysis of ULBP4 and albumin levels in CSF frompatientswithMSand controls (Ctl). (A) RepresentativeWestern blot including 5 untreated
MS donors (1–5) and 2 controls (A and B) illustrating expression of ULBP4 and albumin. (B) Quantification of 45–50 kDa (B.a) and 25 kDa (B.b) bands of ULBP4
relative to albumin according to sex (♀: female;♂: male) and disease (MS vs control). Each dot represents 1 donor. Mean ± SEM, n = 5 female untreatedMS, n = 5
male untreated MS, n = 4 female controls, and n = 4 male controls. (C and D) Production of GM-CSF and IFNγ by CD8+ T lymphocytes stimulated with or without
rhULBP4. (C) Diagram illustrating culture conditions: isolated CD8+ T lymphocytes were stimulated overnight with plate-bound anti-CD3 in the presence or
absence of sULBP4 before collecting supernatants for ELISA measurements. (D) Quantification of secreted GM-CSF (D.a) and IFNγ (D.b) levels (pg/mL) in the
presence (blue bars) or absence (white bars) of rhULBP4. Each dot represents 1 donor.Mean, n = 10 per group. Paired t test for GM-CSF production andWilcoxon
test for IFNγ production comparingNIL vs sULBP4; *p< 0.05and**p< 0.01.GM-CSF = granulocyte-macrophage colony-stimulating factor;MS=multiple sclerosis;
rhULBP4 = recombinant human ULBP4; sULBP4 = soluble UL16-binding protein 4; ULBP4 = UL16-binding protein 4.
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Soluble ULBP4 Is Present in the CSF and Can
Boost the Inflammatory Properties of CD8+

T Lymphocytes.
Wehave previously established thatmurineUL16-binding protein-
like transcript 1 (MULT1) is the most abundantly expressed
murineNKG2DL in theMOG35-55 EAEmousemodel

8 and that a
shed/cleaved form of MULT1 is enriched in the CSF of EAE
mice.8 Therefore, we testedwhether themost abundantNKG2DL
detectable in MS brain samples, ULBP4, is also enriched in the
CSF of patients with MS. The presence of ULBP4 in CSF from
patients with MS and controls was assessed by Western blot
(eMethods, links.lww.com/NXI/A669). We detected 2 sets of
bands for ULBP4 (Figure 4A): 1 that migrated at 45–50 kDa
and thus corresponded to the full size protein, similar to what
we detected in brain lysates (Figure 1B). Additional bands,
migrating around 25 kDa, were also observed, possibly cor-
responding to shed forms of the extracellular part of ULBP4.
Although we observed comparable levels of the 45–50-kDa
ULBP4 in CSF from MS and controls, the 25 kDa form of
ULBP4 was elevated in the CSF of female patients with MS
(Figure 4B) compared with male patients with MS and con-
trols of both sexes.

The soluble form of MULT1, an elevated murine NKG2DL
in the CSF of EAE mice,8 can boost effector functions of
murine NK cells18 and CD8+ T lymphocytes.8 Notably,
human CD8+ T lymphocytes are a predominant NKG2D-
expressing cell type in MS lesions.7 Therefore, we in-
vestigated whether soluble ULBP4, which is elevated in the
CSF from female patients with MS, has an impact on CD8+

T lymphocyte functions. The addition of soluble ULBP4 to
human CD8+ T lymphocytes activated with anti-CD3
(Figure 4C) significantly increased the secretion of gran-
ulocyte-macrophage colony-stimulating factor (GM-CSF)
and IFNγ (Figure 4, C and D), 2 key inflammatory cyto-
kines. The data suggest that a soluble form of ULBP4, which
is enriched in the CSF of female patients with MS, can en-
hance the production of GM-CSF and IFNγ by activated
human CD8+ T lymphocytes.

Soluble ULBP4 Increases CD8+ T Lymphocyte
Motility and Enhances Kinapse-Like Behaviors
To evaluate the impact of soluble ULBP4 on human CD8+

T lymphocytes entering the CNS, we used our established live
imaging cocultured human astrocyte- CD8+ T lymphocyte

Figure 5 Soluble ULBP4 Enhances the Motility of CD8+ T Lymphocytes

(A–D) Time-lapse imaging of activated CD8+ T lymphocytes cocultured with human astrocytes in the presence or absence of sULBP4. (A) Diagram illustrating
culture conditions. CD8+ T lymphocytes were activated overnight on anti-CD3 coated plates in the presence of anti-CD28 and interleukin-15, CFSE-labeled, and
then added to astrocytes in the presence or absence of sULBP4 and imaged for 2 hours. (B) Three-dimensional time-lapse view at T = 0, T = 1, and T = 2 hours of
activated CD8+ T lymphocytes (green) cocultured with astrocytes (magenta). (C and D) Analysis of the motility and behavior of CD8+ T lymphocytes from 3
untreated patients with MS and 3 sex- and age-matched healthy controls on coculture with astrocytes in the presence or absence of sUBLP4. Presented data are
pooled from 3 independent experiments. (C) Coefficient of arrest (%) of individual CD8+ T lymphocytes; each dot represents 1 cell. Kruskal-Wallis test comparing
sULBP4 vsNIL for each donors’ group ****p < 0.0001. (D) Proportion of CD8+ T lymphocytes exhibiting the scanning, dancing, poking, and round behaviorswhen
coculturedwith astrocytes in the presence or absence of sULBP4. Oneway analysis of variance comparingNIL vs sULBP4 for each donors’ group, *p < 0.05, **p <
0.01. CFSE = carboxyfluorescein succinimidyl ester; MS = multiple sclerosis; sULBP4 = soluble UL16-binding protein 4; ULBP4 = UL16-binding protein 4.
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assay (Figure 5, A and B, Videos, eMethods, links.lww.com/NXI/
A669).We compared themotility and behavior of activatedCD8+

T lymphocytes from healthy donors and patients with MS.19

Adding soluble ULBP4 to astrocyte–CD8 T lymphocyte cocul-
tures decreased the coefficient of arrest of CD8+ T lymphocytes,
supporting an increased motility (Figure 5, A–C). Notably, this
effect was more pronounced for CD8+ T lymphocytes from pa-
tients with MS compared with healthy controls.

We have previously identified in astrocyte–CD8 T-cell co-
culture 4 different CD8+ T lymphocyte behaviors: round,
poking, dancing, and scanning.19 Poking and round behaviors
are associated with synapse-like behaviors, which are charac-
terized by long-lasting interactions between T lymphocytes
and antigen-presenting cells and migration arrest of
T lymphocytes.20–22 Scanning and dancing behaviors are as-
sociated with kinapse-like behaviors, which refer to more
dynamic interactions between antigen-presenting cells and
T lymphocytes and thus higher motility of T lymphocytes.19

The addition of soluble ULBP4 in the coculture induced a
significant increase in the proportion of CD8+ T lymphocytes
adopting a dancing or scanning behavior (Figure 5, B–D).
Although we could observe these changes in CD8+

T lymphocytes from both patients with MS and controls,
these differences reached significance for MS T lymphocytes,
indicating that these cells were more sensitive to soluble
ULBP4. These behavioral changes suggest that CD8+

T lymphocytes from patients with MS respond to the soluble

form of ULBP4 detected in CSF by increasing their motility
and adopting kinapse-like behaviors.

Discussion
Several cellular stressors present in chronic inflammatory and
autoimmune diseases have been shown to upregulate the
expression of specific NKG2DLs, consequently leading to the
activation of NKG2D-bearing immune effector cells.5 In this
study, we provide new evidence for the involvement of 1
specific NKG2DL, ULBP4, in the pathobiology of MS, a
prototypic neuroinflammatory disease (Figure 6). We dem-
onstrate elevated ULBP4 protein expression in postmortem
brain tissues from patients with MS (Figure 1) and identify
astrocytes as the predominant cells expressing this ligand
(Figure 2). In addition, our data demonstrate that stressors
present in MS lesions can trigger ULBP4 expression by
human astrocytes (Figure 3). We also demonstrate elevated
levels of a shed/soluble form of ULBP4 in CSF from female
patients with MS compared with male patients with MS and
female and male controls (Figure 4). Finally, we establish
a novel role for soluble ULBP4 in enhancing effector properties
(Figure 4) and motility of human CD8+ T lymphocytes, with a
stronger impact on cells from patients with MS (Figure 5).

NKG2DLs alert the immune system when tissue homeostasis
is compromised in various contexts such as tumor, infection,

Figure 6 Proposed Involvement of the NKG2D Pathway in MS Pathology

(A) CD8+ T lymphocytes can enter the CNS of patients with MS in part due to disrupted BBB. All infiltrating CD8+ T lymphocytes express NKG2D7 and thus can
interact with ULBP4-expressing astrocytes including those having end feet in close proximity to the BBB. (B) Various cellular stresses (inflammation, ER stress,
and oxidative stress) present in the brain of patients with MS can upregulate ULBP4 expression by astrocytes, as supported by our in vitro data. Reactive
astrocytes, which are abundantly present in MS lesion, represent the predominant cell type expressing ULBP4 in the brain of patients with MS. (C) Soluble
forms of ULBP4 are detectable in CSF; a soluble 25-kDa ULBP4 form is significantly elevated in CSF from female patients withMS compared with groups (male
patients withMS and controls of both sexes). (D) Soluble ULBP4 can affect immune cell functions. On contact with sULBP4, CD8+ T lymphocytes increase their
secretion ofGM-CSF and IFNγ. Moreover, addition of sULBP4 to CD8+ T lymphocytes coculturedwith astrocytes increases theirmotility and favors kinapse-like
behaviors, which are more dynamic andmay lead to enhanced displacement within the tissue. BBB = blood-brain barrier; ER = endoplasmic reticulum; MS =
multiple sclerosis; sULBP4 = soluble UL16-binding protein 4.
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inflammation, and cellular stress. Because immune effector
cells express the NKG2D receptor under normal physiologic
conditions, the tight regulation of ligand expression is key to
control the activation of the NKG2D-NKG2DL pathway.23

Indeed, NKG2DLs are subjected to transcriptional, post-
transcriptional, translational, and posttranslational regulatory
mechanisms that modulate their expression.10,11 We detected
mRNA coding for the 8 identified human NKG2DLs
(ULBP1-6 and MICA, B) in human brain tissues from both
patients with MS and controls (Figure 1 and eFigure 1, links.
lww.com/NXI/A669). However, ULBP4 was the only ligand
we could detect by Western blot in brain lysates (Figure 1 and
eFigure 1) using commercially available antibodies (R&D
Systems) widely used by the scientific community. Bands of
different molecular weights were detected for ULBP4 by
Western blot (Figure 1). We speculate that these differences
in size are likely due to posttranslational modifications such as
glycosylation, which has been reported for ULBP4.24 We have
previously reported the detection of MICA/B in a limited
number of snap-frozen postmortem MS brain tissues (n = 2)
and colocalization with O4 (oligodendrocyte marker) but not
GFAP.14 It is possible that other NKG2DLs, including
MICA/B, are present in MS brain tissues but that these li-
gands do not reach levels comparable to ULBP4. We used the
same amount of protein (50 ng) of the positive controls,
which are recombinant NKG2DLs obtained from the same
vendor, to confirm our capacity to detect NKG2DLs by
Western blot (eFigure 1). However, no signal could be
detected in the CNS samples for non-ULBP4 ligands. ULBP4
protein expression was frequently observed in astrocytes
surrounding blood vessels (Figure 2), suggesting that in-
coming NKG2D+ immune cells, which include all infiltrating
CD8+ T lymphocytes and a subset of CD4+ T lymphocytes,7

could encounter ULBP4-expressing astrocytes. Notably,
higher NKG2DL expression in the gut of patients with
Crohn25 and celiac diseases26 compared with healthy donors
supports the notion that pathologically elevated NKG2DL
levels can contribute to chronic inflammatory and autoim-
mune diseases.

Increasing evidence supports a key role for astrocytes in MS
pathobiology throughout different disease stages.3 In MS
brains, these abundant glial cells are subjected to in-
flammatory mediators, which can induce glial reactivity, but
also lead to ER stress and oxidative damage.1 Astrocytes
upregulate ER stress–related proteins, including ViP and the
C/EBP homologous protein, in MS lesions as well as
NAWM.27 Notably, significantly higher levels of ULBP4 were
detected in MS lesions and NAWM (Figures 1, 2, and 6). Our
in vitro data validate that indeed inflammation, ER stress, and
oxidative stress increased the proportion of human astrocytes
expressing ULBP4 (Figures 3 and 6) but did not alter ex-
pression in human neurons (eFigure 2, links.lww.com/NXI/
A669), suggesting a specific response of astrocytes to these
stressors. Others have shown NKG2D-mediated killing of
human astrocytes by activated NK cells in a mixed neuron-
astrocyte culture, supporting the preferential expression of

NKG2DLs by astrocytes.28 Our results demonstrating dif-
ferential responses to cellular stress between human neurons
and astrocytes are not surprising as numerous publications
document that distinct cell types upregulate NKG2DLs in
response to various stresses, including the MS-relevant
stressors used here.11,29,30 Finally, as cellular stress such as
inflammation, ER stress, and oxidative stress are observed in
other neurologic disorders,31,32 it will be relevant to in-
vestigate whether NKG2DLs are also upregulated in these
conditions.

Soluble forms of NKG2DLs have been observed in several
conditions; a variety of mechanisms have been implicated in
the release of these soluble ligands, and their impact on
immune functions varies depending on the specific ligand,
cell type, and context.33 Several groups have shown that in
cancer, some tumor-derived soluble NKG2DLs are associ-
ated with poor prognosis and can downmodulate NKG2D
and restrain NK and T-cell cytotoxicity.34,35 In contrast,
soluble MULT1, a murine NKG2DL, can enhance NK cell
activity and promote tumor rejection.18 Likewise, we have
shown that soluble MULT1 is elevated in the CSF of EAE
mice and can increase the inflammatory properties of CD8+

T lymphocytes.8 We now show that a soluble form of ULBP4
(25 kDa) is elevated in the CSF of female patients with MS
compared with male patients with MS and controls (Figures
4 and 6). Despite this difference, CSF from all male and
female patients with MS was positive for oligoclonal bands,
and both patient groups included similar proportions of
patients with PPMS and RRMS. We speculate that sex-
specific inflammatory processes in the CNS of female pa-
tients could lead to the release of this soluble form of
ULBP4. Notably, others compared postmortem tissue from
female and male patients with MS and observed multiple
differences in mRNA levels of genes coding for hormone
receptors and cytokines.36 Moreover, large transcriptomic
analyses performed in animal models have documented that
glial cells, including astrocytes, exhibit sex differences in their
transcriptomic patterns.37,38 Additional tools will be neces-
sary to identify the mechanisms driving this sex difference.
Moreover, splice variants of ULBP4 have been reported in
immortalized tumor cell lines including soluble forms of
various sizes.24,39,40 However, whether these variants can be
expressed by nonimmortalized cells or influenced by sex has
not been shown. Unfortunately, a lack of available tools to
distinguish different ULBP4 isoforms prevents us from fur-
ther investigating the 25 kDa soluble form.

We show that soluble ULBP4, similarly to MULT1 in
mice, boosts the production of 2 key inflammatory cyto-
kines, GM-CSF and IFNγ, by activated human CD8+

T lymphocytes (Figures 4 and 6). We demonstrate that
soluble ULBP4 significantly modifies the behavior of acti-
vated human CD8+ T lymphocytes encountering human
astrocytes, especially T lymphocytes from patients with MS
(Figures 5 and 6). Indeed, the addition of soluble ULBP4
favored kinapse-like behavior by CD8+ T lymphocytes while
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reducing the proportion of T cells involved in synapse-like
behaviors (Figures 5 and 6). These changes cannot be
explained by altered NKG2D expression, as both patients
with MS and controls showed similar NKG2D levels, and
the presence of soluble ULBP4 did not downregulate the
receptor (data not shown). We ruled out that ULBP4 has
chemotactic properties, which could increase T lymphocyte
motility; indeed, adding soluble ULBP4 in a transwell che-
motaxis assay had no impact on CD8+ T lymphocyte mi-
gration (data not shown). We speculate that the presence of
soluble ULBP4 enhances movement of T lymphocytes
within the brain parenchyma via nonchemoattractive
mechanisms.

A single injection of an α-NKG2D neutralizing antibody re-
duced disease activity in patients with Crohn disease41 sup-
porting the feasibility of targeting the NKG2D pathway in
inflammatory diseases in humans. However, as the NKG2D
pathway contributes to the immunosurveillance of infected
cells and tumors, it is imperative to determine whether there is
cell type specificity that can be exploited to refine NKG2D-
targeted therapeutic approaches. Indeed, targeting ULBP4,
without altering other ligands that might contribute to im-
portant immune functions, could yield a very specific therapy.
Importantly, it is known that ULBP4 is implicated in various
types of cancers42-44; however, current data suggest that
ULBP4 is not expressed in CNS-related cancers in adults.
Although MICA, MICB, and ULBP1-2 are detected at the
protein level in human adult glioblastoma multiforme (GBM)
and meningioma samples, ULBP3 and ULBP4 are not.45,46 In
addition, MICB and ULBP1 are detected on GBM-infiltrating
myeloid cells.46 In pediatric cases of low grade glioma, ele-
vated levels of ULBP2/5/6 and ULBP4 have been observed,
although not in high-grade glioma samples.47 Additional
studies will be required to fully characterize the expression
pattern of ULBP4 in the human brain; nevertheless, available
data including our current study suggest that in adults, ULBP4
is not associated with brain tumors but rather is increased in
patients with MS. Therefore, our study suggests that ULBP4
could be a valid target in MS pathobiology without impairing
beneficial immunosurveillance in the CNS (Figure 6).
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de Montréal
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Montréal (CRCHUM) Montréal,
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Montréal (CRCHUM) Montréal,
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