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Ankylosing spondylitis (AS) is associated with autoantibody production to class II MHC-
associated invariant chain peptide, CD74/CLIP. In this study, we considered that anti-
CD74/CLIP autoantibodies present in sera from AS might recognize CD74 degradation
products that accumulate upon deficiency of the enzyme signal peptide peptidase-like
2A (SPPL2a). We analyzed monocytes from healthy controls (n = 42), psoriatic arthritis
(n = 25), rheumatoid arthritis (n = 16), and AS patients (n = 15) for SPPL2a enzyme activity
and complemented the experiments using SPPL2a-sufficient and -deficient THP-1 cells.
We found defects in SPPL2a function and CD74 processing in a subset of AS patients,
which culminated in CD74 and HLA class Il display at the cell surface. These findings were
verified in SPPL2a-deficient THP-1 cells, which showed expedited expression of MHC class
11, total CD74 and CD74 N-terminal degradation products at the plasma membrane upon
receipt of an inflammatory trigger. Furthermore, we observed that IgG anti-CD74/CLIP
autoantibodies recognize CD74 N-terminal degradation products that accumulate upon
SPPL2a defect. In conclusion, reduced activity of SPPL2a protease in monocytes from AS
predisposes to endosomal accumulation of CD74 and CD74 N-terminal fragments, which,
upon IFN-y-exposure, is deposited at the plasma membrane and can be recognized by
anti-CD74/CLIP autoantibodies.
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Introduction

Spondyloarthritis (SpA) and rheumatoid arthritis (RA) are chronic
inflammatory rheumatic diseases. The spondyloarthropathies
encompass a spectrum of rheumatic diseases subdivided in axial
and peripheral SpA that include both ankylosing spondylitis
(AS) and psoriatic arthritis (PsA) [1]. SpA is often considered an
autoinflammatory condition—caused by repetitive trauma and
subsequent inflammatory responses—whereas RA is considered
an archetypical autoimmune disease [2, 3]. Although RA and SpA
can share features such as destructive and chronic inflammation
of the joints, the overall clinical presentation of these diseases is
quite distinct. The latter suggests that these conditions share final
common pathological pathways, but at the same time have unique
molecular mechanisms causative to their specific phenotypes.
At the molecular level, both SpA and RA are similar in showing
linkage at genome-wide significance to chromosome 6p21, which
harbors the polymorphic human leukocyte antigen (HLA) class I
and class II genes [4, 5]. AS is strongly associated with the HLA
class I molecule B27, whereas RA is associated with the HLA class
II molecule DRB1. The propensity of this genetic background
implies that the antigen presentation pathway or the type of
T-cell response elicited is important to the pathogenesis of both
diseases.

The initiation of all adaptive immune responses requires the
display of antigenic fragments by professional antigen-presenting
cells (APCs) to T cells and B cells. As part of the MHC class II
antigen presentation pathway, CD74/MHC class II complexes are
sorted from the ER to late endosomal compartments. Cathepsin S
is an important protease in this process, cleaving the N-terminal
side of CD74 to produce class II-associated invariant chain peptide
(CLIP), which occludes the HLA class II peptide binding cleft and
thereby prevents premature peptide loading. A defect in cathepsin
S proteolysis leads to the accumulation of CD74-p10, retention
of the sorting signals in the N-terminus, interference with pep-
tide loading, and a block in surface-directed HLA class II transport
[6-9]. Cathepsin S deficiency furthermore shows aberrant endo-
somal architecture in B cells [7]. Finally, the transmembrane part
of CD74 is processed by intramembrane cleavage by the protease
signal peptide peptidase-like 2A (SPPL2a). Disturbed SPPL2a pro-
teolysis triggers the accumulation of CD74-p8 fragments, enlarge-
ment of endosomes, and, in contrast to cathepsin S deficiency,
increased plasma membrane display of full-length CD74 and HLA
class II [10-12]. The rate of CD74 proteolysis, as contributed by
cathepsin S and presumably SPPL2a, thereby imparts control over
endosomal architecture and surface-directed transport of CD74
and HLA class I molecules.

IgG autoantibodies against the CD74/CLIP domain are associ-
ated with early AS [13-16]. However, mechanisms contributing to
the production of CD74 autoantigens are unknown. We here tested
the hypothesis that anti-CD74 autoantibodies recognize residen-
tial products from CD74 that accumulate upon impaired SPPL2a
function.

© 2020 The Authors. European Journal of Immunology published by
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Results

Monocytes from AS patients have decreased SPPL2a
enzyme activity

We first took a pharmacologic inhibitor-based approach by cul-
turing monocytes from healthy control (HC) in the presence or
absence of the SPP/SPPL inhibitor (Z-LL)>-ketone for 24 h at
the published IC50 dose (1 pM [17-19]). CD74-p8 accumulation
was tested on Western blot. As a control, we treated monocytes
from HC with cathepsin S inhibitor LHVS (20 nM). LHVS blocks
the endosomal proteolysis of CD74-p10 to CLIP [6]. Monocytes
were still viable at the concentrations (Z-LL),-ketone and LHVS
used (data not shown). Confirming earlier results, the SPPL2a
inhibitor-treated monocytes showed N-terminal fraction (NTF)
accumulation of 8 kDa (CD74-p8) [10-12], and the cathepsin S
inhibitor-treated monocytes revealed accumulation of CD74-p10
[6] (Fig. 1A). Thus, both enzymes promote proteolysis of CD74 in
human monocytes.

We next examined the SPPL2a enzyme function in monocytes
from HC donors and patients diagnosed with PsA, RA, and AS
(characteristics of the study population are described in Table 1).
Lysates from monocytes were tested for CD74-p8 accumulation
on Western blot. Without pharmacologic inhibition (baseline),
some CD74-p8 accumulation could be detected, but only in
patients (Fig. 1B). We first quantified and normalized the full-
length of CD74 (33/35 kDa) and CD74-p8 to B-actin in (Z-LL),-
ketone-treated monocytes and assessed whether full-length CD74
correlated with CD74-p8 accumulation. In RA, full-length CD74
strongly correlated with CD74-p8 accumulation (r = 0.78,
p = <0.001) (Supporting Information Fig. 1B). In HC and PsA,
we also found a correlate between full-length CD74 and CD74-p8
(r=0.44,p =0.004 and r = 0.58, p = 0.03, respectively) (Support-
ing Information Fig. 1A and C). In AS, however, we did not observe
a correlation between the two measurements (r = 0.23, p = 0.42)
(Supporting Information Fig. 1D). This suggests that the increased
accumulation of CD74-p8 in monocytes from HC, RA, and PsA
was caused by increased substrate availability. In AS, CD74-p8
accumulation is independent of substrate availability. Due to this
observation, CD74-p8 was normalized to full-length CD74. After
full-length CD74 correction, monocytes from AS patients showed
significantly more CD74-p8 accumulation upon SPPL2a inhibition
compared to HC (Fig. 1C). Thus, CD74 proteolysis by SPPL2a is
affected in monocytes from AS patients.

It appears that there are two groups of AS patients, namely
those who have a low accumulation of CD74-p8 and those who
have a high accumulation of CD74-p8. We examined whether
there is a correlation between the accumulation of CD74-p8 and
clinical parameters. No correlation was found between CD74-p8
and the inflammatory marker erythrocyte sedimentation rate, Bath
Ankylosing Spondylitis Disease Activity Index (BASDAI), disease
duration, sex, or systemic immunomodulatory medication (Sup-
porting Information Table 1 and Fig. 2A).
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Figure 1. Monocytes from AS patients show an increase in CD74-p8 accumulation. (A-C) CD14+ monocytes were isolated from PBMCs from HC,
RA, PsA, and AS by CD14 magnetic beads. (A, B) CD14+ monocytes were incubated with the vehicle control DMSO, 1 uM (Z-LL), ketone, or 20
nM LHVS for 24 h. At least two HCs were included on each Western blot. The protein lysates were tested for CD74 using an antibody directed
against the N-terminus (clone: 2D1B3). The blot was stripped and reprobed for g-actin as a loading control. Representative blots. (C) CD74-p8 was
normalized to CD74-p33/p35 (CD74-FL) following normalization to a HC. Data combined from 16 independent experiments with seven to eight
samples per experiment. The median is represented in the dot plot. **p < 0.001; unpaired t test.

Table 1. Clinical and demographic characteristics of the study group

Variable HC (N = 42) RA (N = 16) PsA (N = 25) AS (N = 15)
Age in years — median (range) 45 (23-65) 61 (26-73) 54 (31-73) 42 (19-65)
Female sex - No. (%) 20 (48) 12 (75) 6 (24) 4 (27)
Disease duration in years — median (range) n.a. 10 (1-28) 11 (1-28) 9 (0.5-30)
Age of disease onset in years — median (range) n.a. 46 (14-69) 44 (24-66) 33 (13-57)
HLA-B27+ - No. (%) n.a. n.a. 0 (0) 12 (80)
RF+ - No. (%) n.a. 11 (69) 1(4) 0 (0)
Axial involvement - No. (%) n.a. n.a. 1(4) 15 (100)
ESR in mm/hour - median (range) n.a. 7 (5-47) 8 (1-42) 13 (1-42)
TJC, of 76 — median (range) n.a. 4 (0-13) 1 (0-26) 0 (0-4)
SJC, of 78 — median (range) n.a. 3 (0-13) 0 (0-13) 0 (0-4)
Systemic immunomodulatory medication® - No. (%) n.a. 16 (100) 18 (72) 3 (20)

RF, rheumatoid factor; ESR, erythrocyte sedimentation rate; TJR, ender joint count; SJC, swollen joint count; BASDAI, Bath Ankylosing Spondylitis

Disease Activity Index.

3)Systemic immunomodulatory medication consisted of methotrexate (MTX; 10 patients with RA, 16 patients with PsA, one patient with AS),
leflunomide (two patients with PsA), hydroxychloroquine (HCQ; one patient with RA), prednisone (one patient with PsA), sulfalazine (SSZ; two
patients with AS), MTX + HCQ (five patients with RA), and SSZ + prednisone (one RA patient).

© 2020 The Authors. European Journal of Immunology published by
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Figure 2. SPPL2a KO cells show compression in endosomal perimeter size upon IFN-y stimulation. For the generation of a SPPL2a KO cell line,
THP-1 was depleted for the targets using CRISPR/Cas9 combined with lentiviral transduction technology. Empty vector and HLA-A2/A3 KO were
used as CRISPR controls. (A, B) The effect of CRISPR gene destruction in THP-1 cells was evaluated on Western blot. The CRISPRed cells were treated
with IFN-y for 24 h. WT cells were treated with vehicle control DMSO or 10 uM (Z-LL),-ketone in the presence or absence of IFN-y for 24 h. Western
blot lysates were blotted for CD74 N-terminus (clone: 2D1B3). Blots were stripped and reprobed for f-actin as a loading control. Blot is representative
of three independent experiments. (B) In the long exposure, CD74-p8 can be detected in the untreated SPPL2a KO THP-1 lysates. The asterisk (*)
represents nonspecific protein binding by the primary antibody. (C) Representative immunofluorescence images of LAMP-14 endosomes of WT
and SPPL2a KO THP-1 cells that were treated with or without IFN-y for 0, 3, or 24 h. Image captured at 63x magnification. Scale bars: 10 pm. (D)
Dot plot represents quantification of the perimeter of LAMP-1+ endosomes. Eight to nine pictures with at least 20 cells from each condition were
taken. Each dot represents the mean endosomal LAMP1+ perimeter from one confocal image, analyzed by the Image J plug-in Squassh. The data
are combined from five independent experiments with one sample condition/experiment. **p < 0.001; ****p < 0.0001; one-way ANOVA, Tukey’s
test.
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Knockout of SPPL2a results in retention of CD74-p8 in
response to IFN-y

To understand the function of SPPL2a in monocytes, we created
SPPL2a-deficient cells using CRISPR-based whole genome editing
in a human monocytic cell line THP-1. Additionally, we consid-
ered that interferon-gamma (IFN-y) plays an important role in the
antigen presentation pathway and CD74 processing [20-22], and
therefore tested CD74-p8 accumulation in SPPL2a wild type (WT),
empty vector (E.V.) control, and SPPL2a knock out (KO) THP-1
cells, in both the absence and presence of IFN-y. We found that
both untreated and IFN-y-treated SPPL2a KO cells yield CD74
accumulation (Fig. 2A and B). However, IFN-y-treated SPPL2a
KO cells showed a higher expression of CD74-p8. In order to con-
firm that the NTF of CD74 in IFN-y-stimulated SPPL2a KO cells
corresponds to CD74-p8, we compared the size of the NTF with
(Z-LL)-ketone-treated THP-1 cells. The size of the accumulated
NTF in SPPL2a KO THP-1 cells resembled that of the accumu-
lated NTF in SPPL2a-inhibited THP-1 cells, confirming the SPPL2a
KO. The SPPL2a KO cells are further confirmed by DNA sequenc-
ing (Supporting Information Fig. S3A). These data suggest that
the inflammatory signal IFN-y increases CD74-p8 accumulation
in THP-1 cells and we continued our experiments using IFN-y-
stimulated SPPL2a KO THP-1 cells.

SPPL2A KO THP-1 cells show compressed LAMP-1+
endosomes in response to IFN-y

To test if the endosomal accumulation of CD74-p8 drives mor-
phological changes of late endosomes, we measured the aver-
age size of endosomes of SPPL2a KO and WT THP-1 cells. We
included IFN-y stimulation as a prerequisite condition to exam-
ine SPPL2a dysfunction on endosomal morphology in THP-1 cells.
While both WT and E.V. control THP1 cells showed similarly sized
endosomes in the steady state, IFN-y-stimulation triggered endo-
somal enlargement after 24 h (Supporting Information Fig. 4A
and B). Pretreatment with cathepsin S inhibitor LHVS resulted in
endosomal enlargement [7], which did not enlarge further upon
IFN-y stimulation. Similarly, SPPL2a KO cells revealed enlarged
endosomes at basal level [12] with no additional changes induced
after 24-h IFN-y stimulation (Supporting Information Fig. 4A and
B). However, SPPL2a KO cells showed compressed endosomes
after 3 h IFN-y stimulation that return to the original size by 24 h,
which is not observed in WT cells (Fig. 2C and D). Overall, these
data may suggest that SPPL2a KO cells can resolve the endosoma-
lly accumulated CD74 fragments by IFN-y-induced traffic to the
surface, after which endosome size reverses to basal level.

SPPL2A KO THP-1 cells exhibit increased surface
display of HLA-DR and CD74 in response to IFN-y

To test if SPPL2a deficiency might enhance plasma mem-
brane expression of CD74 and possibly other endosome-derived

© 2020 The Authors. European Journal of Immunology published by
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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molecules, we stimulated THP-1 cells with IFN-y and assessed
the cell surface expression of full-length CD74, peptide-bound
HLA-DR, CLIP-bound HLA-DR, and HLA-ABC by flow cytome-
try. Under unstimulated conditions, we observed low levels of
CLIP, HLA-DR, full-length CD74, and HLA-ABC in WT, E.V. con-
trol, and SPPL2a KO THP-1 (Fig. 3B). Upon 24-h IFN-y treatment,
SPPL2a KO THP-1 cells showed significantly increased expression
of CD74, HLA-DR, and CLIP-bound HLA-DR compared to controls
(Fig. 3A and B). We observed no difference in HLA-ABC surface
expression between IFN-y-exposed control and SPPL2a KO cells,
confirming that IFN-y-induced HLA-ABC surface display is not con-
tributed significantly by late endosomal stores [23]. Therefore, the
compressed endosomal perimeter in SPPL2a KO associates with
increased surface-directed transport of full-length CD74, HLA-DR,
and CLIP-bound HLA-DR.

Monocytes from AS patients have increased
expression of full-length CD74 and HLA-DR

We asked whether defective SPPL2A function in CD14+ mono-
cytes from patients with AS relates to increased cell surface mark-
ers. We observed a significant accumulation of full-length CD74
and peptide-bound HLA-DR on the cell surface of AS monocytes,
but not in PsA (Fig. 4A and B). CLIP-bound HLA-DR and HLA-ABC
were similarly expressed throughout all individuals investigated
(Fig. 4A and B). Thus, CD14+ monocytes from AS patients were
more prone to increased cell surface expression of HLA class Il and
full-length CD74.

IFN-y treatment triggers increased surface display of
CD74-p8 NTF in SPPL2a KO THP1 cells

To investigate whether NTF (CD74-p8) can also accumulate on
the plasma membrane, we stimulated THP-1 cells with IFN-y for
24 h and isolated subcellular fractions by discontinuous Percoll-
sucrose density gradient, and subjected to Western blot, probing
for CD74, LAMP1, and Na'/K" ATPase. LAMP1 and Na*/K"
ATPase were included as markers for late endosome/lysosome
and plasma membrane, respectively. As positive controls, whole
lysates showed expression of LAMP1, Nat/K* ATPase, and both
full-length CD74 and CD74-p8 (two lanes on the right side of
Fig. 5A and B). Both E.V. control and SPPL2a KO cells showed
co-localization of full-length CD74 with the plasma membrane
marker Nat/K™ ATPase (fractions 8-10, Fig. 5A). E.V. control
did not reveal CD74-p8 accumulation. However, in SPPL2a KO,
CD74-p8 was enriched in both the LAMP-1, late endosome,
fraction (fraction 22, Fig. 5B), and the Na*/K' ATPase and
LAMP-1 cell surface fraction (fractions 8-10 Fig. 5A). LAMP-1
is present in transport vesicles, directed to fuse with the plasma
membrane [24]. These data suggest that NTF (CD74-p8) is
transported to the plasma membrane from the late endosomes/
lysosomes.
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Figure 3. SPPL2a KO cells exhibit increased surface display of full-length CD74, peptide-bound HLA-DR, and CLIP-bound HLA-DR upon IFN-y
stimulation. (A) Representative histogram of flow cytometry analysis of expression of full-length CD74 C-terminal (CT; LN2), CLIP-bound to HLA-
DR (CerCLIP), peptide-bound HLA-DR (L243), and HLA-ABC (G46-2.6) on WT, E.V. control, or SPPL2a KO THP-1 cells, incubated in the presence of
IFN-vy for 24 h. (B) Mean fluorescence intensity (MFI) of CD74, CLIP-bound to HLA-DR, peptide-bound to HLA-DR, and HLA-ABC on THP-1 cells from
(A). The gating strategies are shown in Supporting Information Fig. 5A. (B) Error bars show mean and SEM from four independent experiments
with one sample condition/experiment. The mean is represented in the dot plot. *p < 0.05; *p < 0.01; unpaired t test.

IgG present in sera from AS recognize CD74 fragments
that accumulate in SPPL2a KO THP-1 cells

We finally investigated whether sera from AS patients contain
IgG antibodies directed against CD74 fragments, using IP experi-
ments. We selected sera from four AS patients showing high CD74-
p8 accumulation, and one HC as control. We used lysates from
IFN-y-treated E.V. control and IFN-y-treated SPPL2a KO THP-1
cells as a source of CD74 protein fragments, and screened for
the presence of anti-CD74 antibodies by preincubation of protein
G agarose beads with patient or control serum. Immunoprecipi-
tated CD74 fragments, as a measure for the presence of anti-CD74
antibodies, were examined using Western blot. CD74 fragments
were not detected in E.V. control lysates (Fig. 5C). However, we
observed anti-CD74 IgG antibodies in sera from three AS patients,
as the antibodies present in patient sera detected CD74 fragments
in lysates from SPPL2a KO cells (Fig. 5C). Antibodies that were
present in serum samples from HC and one AS patient did not
detect CD74 fragments. The molecular weight of the detected
CD74 fragments is higher compared to CD74-p8. This corrobo-
rates the finding that auto antibodies recognize CLIP, which is
not present in CD74-p8 [13, 15]. Together, these data support

© 2020 The Authors. European Journal of Immunology published by
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

that decreases in SPPL2a function might contribute to the gener-
ation of CD74 fragments, which can be recognized by anti-CD74
autoantibodies.

Discussion

In this study, we considered that anti-CD74 autoantibodies present
in sera from AS might recognize CD74 degradation products that
accumulate upon SPPL2a deficiency. We found defects in SPPL2a
function and CD74 processing in a subset of AS patients, which
culminated in increased CD74 and HLA class II display at the
cell surface. These findings were corroborated by the observa-
tions in SPPL2a-deficient THP-1 cells, which showed compressed
late endosomes upon receipt of an inflammatory trigger. This fea-
ture coincided with increased expression of MHC class II and total
CD74 at the plasma membrane. Furthermore, the increase in accu-
mulation of CD74 degradation products was recognized by anti-
CD74 autoantibodies present in sera from AS patients. These data
reveal a clear distinction between SPPL2a and cathepsin S, as in
cathepsin S KO cells the MHC class II molecule expression on the
cell surface is impeded and late endosomes are enlarged in size [7,

Wwww.eji-journal.eu
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Figure 4. Monocytes from AS patients have increased full-length CD74 and peptide-bound HLA-DR expression. (A) Representative histogram of
flow cytometry analysis of expression of full-length CD74 C-terminal (CT;LN2), CLIP-bound to HLA-DR (CerCLIP), peptide-bound HLA-DR (L243),
and HLA-ABC (G46-2.6) on CD14+ monocytes from HC or AS patient. The gating strategies are shown in Supporting Information Fig. 5B. (B) Dot
plot represents the mean fluorescence intensity (MFI) of the cell surface molecules measured from each donor. The mean is represented in the dot
plot. Data combined from three independent experiments with three to four HC, PsA, or AS samples per experiment. *p < 0.05; **p < 0.01; unpaired

t test.

10-12]. These results support that cathepsin S proteolysis facili-
tates MHC class II transport, whereas SPPL2a proteolysis prevents
premature MHC class II surface-directed transport.

It is unclear why there is considerable variation among AS
patients, in terms of CD74-p8 accumulation. No correlation was
found when comparing erythrocyte sedimentation rate, disease
activity, and duration with CD74-p8 accumulation. In addition,
it is unclear why CD14+ monocytes from PsA did not reveal a
significant SPPL2a dysfunction and the presence of anti-CLIP anti-
bodies, considering that PsA shares some immunologic and phe-
notypic overlap with AS [13]. Important to note in this respect
is that although the heterogeneity in SPPL2a dysfunction is seen
in monocytes from AS patients, it supports that causation of the
disease and/or the chronic inflammatory state are not singular,
and might evolve during the course of the disease.

To our knowledge, this is the first study to describe the
increased display of CD74-p8 at the plasma membrane in response
to a defect in SPPL2a activity upon exposure to IFN-y. Based on
this assertion, the trafficking of MHC class II molecules to the
plasma membrane can be accompanied by CD74 remnants. The
accumulation of CD74-NTF at the plasma membrane, which under
healthy circumstances would remain hidden from the humoral
immune system, might be recognized by autoantibodies directed
toward CD74/CLIP and contribute to inflammatory responses in

© 2020 The Authors. European Journal of Immunology published by
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

AS [13, 15]. Recently, a potential oral bioavailable inhibitor has
been described to significantly and selectively inhibit SPPL2a in
mice and rats and as a consequence resulted in a decrease in B
cell and mDC numbers [25, 26]. SPPL2a inhibition may suppress
autoimmune features, but with the new knowledge that the inhi-
bition of SPPL2a can increase CD74 remnants on the cell surface,
the drug can also worsen pathology in patients with AS who are
positive for anti-CD74 autoantibodies.

A limitation of our study is the technical challenge to detect
IgG anti-CD74 antibodies in the serum of AS patients by ELISA,
which we attribute to the incompatibility of detergents we used to
generate THP-1 cell lysates as source of CD74 protein fragments,
with the antibodies and substrates for ELISA. For this reason, we
resorted to IP-based detection, which allowed for detection of
anti-CD74 reactivity in AS sera and not control sera.

A further limitation is that we did not investigate the cause of
the production of anti-CD74 autoantibodies in AS. In future stud-
ies, it would be interesting to examine whether the accumulation
of CD74 remnants on the cell surface of SPPL2a-deficient cells
provoke the immune system to produce autoantibodies to CD74,
in analogy to viral particles that are kept hidden from the humoral
immune system until displayed at the cell surface.

In summary, our data support that a dysfunction in the pro-
tease SPPL2a contributes to dysregulation of CD74 processing in
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Figure 5. Sera from AS patients contain IgG CD74-autoantibodies that recognize accumulated CD74 degradation products in SPPL2a KO THP-1
cells. (A, B) E.V. control and SPPL2a KO THP-1 cells were stimulated with IFN-y for 24 h and lysed in homogenization buffer (HB) and subcellularly
fractionated using a Percoll-density gradient. Twelve fractions were collected with a volume of 500 pL (top fraction 1, bottom fraction 24). Fractions
1-7, 8-10, 11-12, 13-14, 15-16, 17-18, 19-20, 21, 22, 23, and 24 were collected and centrifuged to pellet the organelles and lysed in Laemmli buffer
and analyzed for LAMP-1, CD74 N-terminus, and Na*/K* ATPase expression using Western blot. (C) Protein-G agarose beads were coated with sera
from four AS patients and one HC. IFNy-treated E.V. control and SPPL2a KO THP-1 cells were lysed and proteins were immunoprecipitated using
serum-coated beads. Immunoprecipitates were examined using Western blot and analyzed for CD74 fragments. (A-C) Blots are representative of

two independent experiments.

AS. Accordingly, exposure to inflammatory stimuli triggers the
surface-directed transport of late endosomal cargo for increased
display at the plasma membrane of CD74/CLIP. Our research
provides a mechanistic explanation for the production of CD74
autoantigens that can be recognized by CLIP domain-specific IgG
that is seen in 67-85% of AS patients [13, 15].

Maferials and methods

Ethics

Written informed consent was obtained in all cases before par-
ticipation, and the study was conducted in accordance with the
Helsinki principles. Ethical approval was obtained from the insti-
tutional review board in the University Medical Center Utrecht
(Study ID NTR4626; 13-696-M). Clinical parameters and blood
samples were collected from a cohort of patients with AS, RA, and
PsA at the outpatient clinic of the Department of Rheumatology
and Clinical Immunology. HC blood samples were collected within
the UMCU.

© 2020 The Authors. European Journal of Immunology published by
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

Reagents

(Z-Leu-Leu-NHCH2)2CO, 1,3-di-(N-carboxybenzoyl- L-leucyl-
L-leucyl)amino acetone, and 2,2'-(2-oxo-1,3-propanediyl)bis[N-
[(phenylmethoxy)carbonyl]- L-leucyl- L-leucinamide) ((Z-
LL,)-ketone) were purchased from Santa Cruz (sc-311559);
N-morpholinurea-leucine-homophenylalanine-vinylsulfone-

phenol (LHVS) was synthesized in the laboratory of Dr. C
Driessen, Department of Oncology and Hematology, Cantonal
Hospital St Gallen, St Gallen, Switzerland, following protocols
as published in [27]. Recombinant IFN-y was purchased from
eBioscience (34-8319-82). The following antibodies were used:
mouse anti-human LAMP-1 PE (BD; clone H4A3; 555801), mouse
anti-human CLIP FITC (BD; clone CerCLIP; 555981) mouse
anti-human CD74 PE (Biolegend; clone LN2; 326807), mouse
anti-human CD14 Pacific blue (Biolegend; clone M5E2; 301815),
mouse anti-human HLA ABC PE-Cy7 (BD; clone G46-2.6;
561349), mouse anti-human HLA DR PerCP (Biolegend; clone
L243; 560896), mouse anti-human CD74 N-terminal (Abcam;
clone 2D1B3; ab181465), goat anti-human p actin (Santa Cruz;
clone I-19; SC1616), goat anti-mouse AF647 (Thermofisher Sci-
entific; A28181), rabbit anti-human Na-K ATPase (Cell Signalling;
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3010s), mouse anti-human LAMP1 (BD, clone H4A3; 555798),
Rabbit Anti-mouse-HRP antibody, (Dako; P0161), and Rabbit
anti-goat HRP antibody (Dako; P0160).

Monocyte isolation

Peripheral blood mononuclear cells (PBMC) were isolated by
Ficoll-isopaque (GE Healthcare) density gradient centrifugation.
CD14+ monocytes were isolated by magnetic cell sorting using
mouse anti-human CD14 magnetic beads and autoMACS Pro Sep-
arator (Miltenyi Biotec; 130-050-201) according to manufacturer’s
instructions.

Cell culture

Human monocytic leukemia cell line (THP-1) and CD14+ mono-
cytes were cultured in RPMI-1640 (Gibco) supplemented with Glu-
taMAX (Fisher Scientific), 100 IU/mL penicillin and 100 png/mL
streptomycin, 20 mM HEPES (Gibco), and 10% fetal calf serum
(Biowest). Of note, cultures contained no L-glutamine, because
of its known interference with endosomal acidification and CD74
processing [28]. To overcome the basification of endosomes, the
cells were cultured in medium containing Glutamax in all exper-
iments. 293T human embryonic kidney (HEK293T) cells were
cultured in Dulbecco’s modified Eagle medium (DMEM) supple-
mented with 10% heat-inactivated fetal calf serum, glutamax,
penicillin, and streptomycin. Mycoplasma infection was tested and
ruled on a two-monthly basis.

Lentiviral production

HEK293T cells were transfected with the CRISPR/Cas9 vector,
pMD.2G, pRSV-REV, and pMDIg/p-RRE in order to produce VSVg-
pseudotyped lenti-CRISPR virions. Viral supernatants were har-
vested after 48 h, filtered through a 0.45 pm filter and used to
transduce THP-1 cells by infection in the presence of 6 ug/mL
polybrene. Cells were centrifuged for 1 h at 700g. Transduced
cells were selected with 5pug/mL puromycin (Sigma-Aldrich) 3
days posttransduction for 48 h. The clones were validated using
DNA sequencing. The sequences were analyzed using CRISPR-ID
[29]. The clonally expanded cells were subjected to western blot-
ting to test for their functional defects.

Transduction of THP-1 cells using the CRISPR-Cas9
lentiviral system

A lentiviral CRISPR/Cas9 vector (pSicoR-CRISPR-PuroR) is used,
which is described previously [30]. The gRNAs were designed
based on the reference human genome database. The gene-
specific RNA sequence cloned was: SPPL2a KO: 5-GCCGG
GGCCGCCCTACTCT-3'. HLA-A2/A3: 5-GACCTGCGCTCTTGGA
CCG-3'. For control KO cells, we used an empty vector.

© 2020 The Authors. European Journal of Immunology published by
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Protein extraction and Western blot

For the detection of CD74, 2 x 10° CD14+ monocytes were
cultured with the vehicle control DMSO, 1 uM (Z-LL),- ketone, or
20 nM LHVS for 24 h at 37°C. Note that 1 x 10° CRISPRed THP-1
were either incubated with or without 1000 U/mL IFN-y for 24 h
at 37°C. CD14+ monocytes and THP-1 cells were washed twice in
PBS, lysed in Laemmli buffer containing 5% B-mercaptoethanol,
and boiled for 5 min. The samples were stored at —20°C until
further use. The protein concentration was determined using BCA
protein assay kit (Thermo Fisher Scientific; 23225), separated on
a 4-20% polyacrylamide gradient gel (Biorad), and transferred
on 0.2 wm PVDF-P5Q (Thermo fisher scientific) membrane by
wet immunoblotting. Membranes were blocked with 5% filtered
bovine serum albumin (BSA) followed by primary antibody
incubation (overnight 4°C in 0.5% BSA/TBS-T), and stained
with secondary antibody (RT, 1 h in 0.5% BSA/TBS-T). Between
each step, the membranes were washed three times in TBS-T.
For the detection of LAMP-1 and Na-K ATPase and CD74-NT
in endosomes, endosomes were resuspended in Laemmli buffer
without reducing agent and separated on 10% polyacrylamide
gel. Protein was transferred on 0.45 pm PVDF-P membrane
and blocked with 5% dried nonfat milk. Primary and secondary
antibody steps were performed as described above. The blot
was developed using enhanced chemiluminescence (ECL)-
prime (GE healthcare; RPN2236) and detected in the Bio-Rad
Chemi-doc. To confirm equal protein loading, antibody against
B-actin was used. The bands were quantified using ImageLab,
Bio-Rad.

Immunofluorescence

Note that 2.5 x 10°> THP-1 cells were seeded in a 24-well plate
and stimulated with 1000 U/mL IFN-y for 0, 3, or 24 h at 37°C.
Furthermore, THP-1 cells were incubated with 20 nM LHVS for
24 h at 37°C. After 23.5 h, 20 uM Hoechst was added to each
well. Eight-well Lab-Tek® II Chamber Slides (ThermoFischer
scientific) were precoated with 0.001% Poly-L-lysine for 30 min
at RT and washed twice with PBS. The Hoechst-stained THP-1
cells were plated in the chamber slides and centrifuged for 30
s at 300g in order to let the cells adhere to the slides. The cells
were fixed with cytofix/cytoperm (BD biosciences) for 30 min at
RT. Cytofix/cytoperm was removed and the cells were blocked
with 2% goat serum in permeabilization buffer (eBioscience) for
30 min at RT, followed by anti-LAMP-1 incubation (45 min, RT)
and goat anti-mouse AF647 secondary antibody (ThermoFisher
scientific; 45 min, RT). Between each step, the slides were washed
once with permeabilization buffer. Coverslips were mounted
with Mowiol solution. All images were obtained with 1.3x
optical zoom using “Plan-Apochromat” 63 x 1.40 oil DIC M27
objective on a Zeiss LSM710, and processed using Zen 2009
software (Zeiss Enhanced Navigation). LAMP-1-positive endo-
some perimeter was analyzed using the ImageJ plug-in Squassh
[31].
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Flow cytometry

Note that 1 x 10° THP-1 cells and PBMC from HC, PsA, and AS
were stained with the viability dye efluor® 780 (eBioscience; 65-
0865-14) in PBS for 30 min at 4°C, washed in FACS buffer (PBS
supplemented with 1% BSA and 0.1% sodium azide), stained for
antibodies directed against CD14, CD74, CLIP, HLA-DR, and HLA-
ABC plus 10% mouse serum for 15 min at 4°C. Cells were washed
and acquired on BD Fortessa flow cytometer. Analysis was done
with FlowJo. Gating strategies used to examine the expression
levels of the markers are illustrated in Supporting Information Fig.
5. The flow cytometry experiments were performed according to
the guidelines [32].

Endosome and plasma membrane isolation by percoll
density gradient centrifugation

Endosome and plasma membrane isolation was performed as
described previously with minor modifications [33]. Briefly, 50 x
10° THP-1 cells were incubated with 500 U/mL IFN-y for 24 h at
37°C, harvested, and washed twice in PBS. Cells were resuspended
in homogenization buffer (250 mM sucrose, 25 mM Tris-HCl pH
7.4, and 1 mM EDTA and complete protease inhibitor) and dis-
rupted mechanically by five passages through a 25-gauge syringe
needle. A centrifugation step of 1000g for 10 min was performed
to obtain a postnuclear supernatant. In a 13-mL tube, 8.7 mL of
20% Percoll solution in homogenization buffer was under layered
with 0.5 mL of 65% (w/v) sucrose in Tris-HCl, pH 7.4. On top,
1 mL of postnuclear supernatant was added. Finally, the tubes
were topped off to a volume of 12 mL with PBS. Centrifugation
was performed in centrifuge Optima L-90K and LE-80K (Beckman
Coulter Optima) in SW40 Ti rotor at 40 500g for 60 min at 4°C.
Fractions of 500 pL were collected from top (fraction 1) to bottom
(fraction 24). The fractions were topped off to a volume of 5 mL
with PBS and centrifuged in a SW60 Ti rotor (Beckman Coulter)
at 100 000g for 1 h 5 min. The pellet was resuspended in Laemmli
buffer and loaded on Western blot.

Immunoprecipitation

Note that 5 x 10° THP-1 cells were cultured with 500 U/mL IFN-y
for 24 h at 37°C, washed in PBS, and lysed in CHAPS buffer (1%
CHAPS, 30 mM Tris-HCL pH 8.0, 150 mM NacCl) for 45 min on ice
and spun down at 13 000g for 15 min. THP-1 lysates were pre-
cleared using empty Protein G-agarose beads (Roche; PROTGA-
RO) for 30 min under constant agitation at 4°C. Protein G-agarose
beads were incubated with human serum for 2 h under constant
agitation at 4°C in order to bind to IgG. Next, beads were washes
twice in CHAPS buffer and incubated with precleared THP-1 lysate
for 16 h under constant agitation at 4°C. Beads were separated
from lysates by centrifugation, washed twice in CHAPS buffer,
and resuspended in Laemmli buffer. The samples were boiled and
loaded on Western blot.

© 2020 The Authors. European Journal of Immunology published by
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Statistics

Cohorts of healthy donors and patients investigated for CD74-
p8 accumulation and cell surface marker expression were ana-
lyzed using two-tailed unpaired t tests. Spearman’s rank correla-
tion was used to correlate disease activity parameters and full-
length expression of CD74 to CD74-p8 accumulation. Confocal
microscopy results were analyzed using one-way ANOVA, fol-
lowed by a Tukey—Kramer test. Biological replicates for each data
point are included in the figure legends. Statistical analyses were
performed using IBM SPSS statistics 23 (Statistical Package for
the Social Sciences). Data were considered statistically significant
at p value of <0.05.

We thank Lotte Spel, Sandra Silva-Cardoso,
Willemijn Janssen, and Toine ten Broeke for their feedback and
discussions; Vincent Verwijmeren for writing a program to auto-
mate the software Squassh, Prof. W. Stoorvogel, Utrecht Univer-
sity, for using the ultracentrifuge facility; Prof. L. Meyaard, Univer-
sity Medical Center, Utrecht, for sharing the lentiviral vectors; the
Flow Cytometry Core Facility for their assistance; and Mini donor
service for their help in collecting healthy control blood samples.
Funding was provided by the University Medical Center Utrecht.

Authors declare to have no commercial or
financial conflict of interest.

References

-

Taurog, J. D., Chhabra, A. and Colbert, R. A., Ankylosing spondylitis and
axial spondyloarthritis. N. Engl. J. Med. 2016. 374: 2563-2574.

2 McGonagle, D., Aydin, S. Z., Gul, A., Mahr, A. and Direskeneli, H., ‘MHC-
I-opathy’-unified concept for spondyloarthritis and Behcet disease. Nat.
Rev. Rheumatol. 2015. 11: 731-740.

w

van Kempen, T. S., Wenink, M. H., Leijten, E. F., Radstake, T. R. and Boes,
M., Perception of self: distinguishing autoimmunity from autoinflamma-
tion. Nat. Rev. Rheumatol 2015. 11: 483-492.

4 Evans, D. M., Spencer, C. C., Pointon, J. J., Su, Z., Harvey, D., Kochan,
G. Oppermann, U. et al., Interaction between ERAP1 and HLA-B27 in
ankylosing spondylitis implicates peptide handling in the mechanism
for HLA-B27 in disease susceptibility. Nat. Genet. 2011. 43: 761-767.

w

Stahl, E. A, Raychaudhuri, S., Remmers, E. F., Xie, G., Eyre, S., Thomson,
B.P.,Li, Y. etal., Genome-wide association study meta-analysis identifies
seven new rheumatoid arthritis risk loci. Nat. Genet. 2010. 42: 508-514.

6 Riese, R. J.,, Wolf, P. R., Bromme, D., Natkin, L. R., Villadangos, J. A.,
Ploegh, H. L. and Chapman, H. A., Essential role for cathepsin S in MHC
class II-associated invariant chain processing and peptide loading. Immu-
nity 1996. 4: 357-366.

7 Boes, M., van der Wel, N., Peperzak, V., Kim, Y. M., Peters, P. J.
and Ploegh, H., In vivo control of endosomal architecture by class

Wwww.eji-journal.eu



Eur. J. Immunol. 2020. 50: 1209-1219

10

11

12

13

14

1

[

16

17

18

19

20

21

22

II-associated invariant chain and cathepsin S. Eur. J. Immunol. 2005. 35:
2552-2562.

Pluger, E. B., Boes, M., Alfonso, C., Schroter, C. J., Kalbacher, H., Ploegh,
H. L. and Driessen, C., Specific role for cathepsin S in the generation of
antigenic peptides in vivo. Eur. J. Immunol. 2002. 32: 467-476.

shi, G. P., Villadangos, J. A., Dranoff, G., Small, C., Gu, L., Haley,
K. J., Riese, R. et al., Cathepsin S required for normal MHC class II
peptide loading and germinal center development. Immunity 1999. 10:
197-206.

Bergmann, H., Yabas, M., Short, A., Miosge, L., Barthel, N., Teh, C. E.,
Roots, C. M. et al., B cell survival, surface BCR and BAFFR expression,
CD74 metabolism, and CD8- dendritic cells require the intramembrane
endopeptidase SPPL2A. J. Exp. Med. 2013. 210: 31-40.

Beisner, D. R., Langerak, P., Parker, A. E., Dahlberg, C., Otero, F. J., Sutton,
S. E., Poirot, L. et al.,, The intramembrane protease Sppl2a is required for
B cell and DC development and survival via cleavage of the invariant
chain. J. Exp. Med. 2013. 210: 23-30.

Schneppenheim, J., Dressel, R., Huttl, S., Lullmann-Rauch, R., Engelke,
M., Dittmann, K., Wienands, J., et al., The intramembrane protease
SPPL2a promotes B cell development and controls endosomal traffic by
cleavage of the invariant chain. J. Exp. Med. 2013. 210: 41-58.

Baerlecken, N. T., Nothdorft, S., Stummvoll, G. H., Sieper, J., Rudwaleit,
M., Reuter, S., Matthias, T. et al., Autoantibodies against CD74 in spondy-
loarthritis. Ann. Rheum. Dis. 2014. 73: 1211-1214.

de Winter, J. J., van de Sande, M. G., Baerlecken, N., Berg, 1., Ramonda,
R., van der Heijde, D., van Gaalen, F. A. et al., Anti-CD74 antibodies
have no diagnostic value in early axial spondyloarthritis: data from the
spondyloarthritis caught early (SPACE) cohort. Arthritis Res. Ther. 2018.
20: 38.

Baraliakos, X., Baerlecken, N., Witte, T., Heldmann, F. and Braun, J.,
High prevalence of anti-CD74 antibodies specific for the HLA class II-
associated invariant chain peptide (CLIP) in patients with axial spondy-
loarthritis. Ann. Rheum. Dis. 2014. 73: 1079-1082.

Ziade, N. R., Mallak, I., Merheb, G., Ghorra, P., Baerlecken, N., Witte,
T. and Baraliakos, X., Added value of anti-CD74 autoantibodies in axial
spondyloarthritis in a population with low HLA-B27 prevalence. Front.
Immunol. 2019. 10: 574.

Dev, K. K., Chatterjee, S., Osinde, M., Stauffer, D., Morgan, H., Kobialko,
M., Dengler, U. et al., Signal peptide peptidase dependent cleavage of
type Il transmembrane substrates releases intracellular and extracellular
signals. Eur. J. Pharmacol. 2006. 540: 10-17.

Weihofen, A., Binns, K., Lemberg, M. K., Ashman, K. and Martoglio, B.,
Identification of signal peptide peptidase, a presenilin-type aspartic pro-
tease. Science 2002. 296: 2215-2218.

Weihofen, A., Lemberg, M. K., Ploegh, H. L., Bogyo, M. and Martoglio,
B., Release of signal peptide fragments into the cytosol requires cleavage
in the transmembrane region by a protease activity that is specifically
blocked by a novel cysteine protease inhibitor. J. Biol. Chem. 2000. 275:
30951-30956.

Cao, Z. A., Moore, B. B., Quezada, D., Chang, C. H. and Jones, P. P., Identi-
fication of an IFN-gamma responsive region in an intron of the invariant
chain gene. Eur. J. Immunol. 2000. 30: 2604-2611.

Lah, T. T., Hawley, M., Rock, K. L. and Goldberg, A. L., Gamma-interferon
causes a selective induction of the lysosomal proteases, cathepsins B and
L, in macrophages. FEBS Lett. 1995. 363: 85-89.

Becker, S., Interferons as modulators of human monocyte-macrophage
differentiation. I. Interferon-gamma increases HLA-DR expression and
inhibits phagocytosis of zymosan. J. Immunol. 1984. 132: 1249-1254.

© 2020 The Authors. European Journal of Immunology published by
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

23

24

2!

w

21

(&)}

27

28

29

30

31

32

33

Abbreviations: AS: ankylosing spondylitis -

Immunodeficiencies and autoimmunity

Blum, J. S., Wearsch, P. A. and Cresswell, P., Pathways of antigen pro-
cessing. Annu. Rev. Immunol. 2013. 31: 443-473.

Reddy, A., Caler, E. V. and Andrews, N. W., Plasma membrane repair
is mediated by Ca(2+)-regulated exocytosis of lysosomes. Cell 2001. 106:
157-169.

Velcicky, J., Bodendorf, U., Rigollier, P., Epple, R., Beisner, D. R., Guerini,
D., Smith, P. et al., Discovery of the first potent, selective, and orally
bioavailable signal peptide peptidase-like 2a (SPPL2a) inhibitor displaying
pronounced immunomodulatory effects in vivo. J. Med. Chem. 2018. 61:
865-880.

Velcicky, J., Mathison, C. J. N., Nikulin, V., Pflieger, D., Epple, R,
Azimioara, M., Cow, C. et al., Discovery of orally active hydroxyethy-
lamine based SPPL2a inhibitors. ACS Med. Chem. Lett. 2019. 10: 887-892.

Palmer, J. T., Rasnick, D., Klaus, J. L. and Bromme, D., Vinyl sulfones
as mechanism-based cysteine protease inhibitors. J. Med. Chem. 1995. 38:
3193-3196.

ten Broeke, T., de Graaff, A., van’t Veld, E. M., Wauben, M. H., Stoorvogel,
W. and Wubbolts, R., Trafficking of MHC class II in dendritic cells is
dependent on but not regulated by degradation of its associated invariant
chain. Traffic 2010. 11: 324-331.

Dehairs, J., Talebi, A., Cherifi, Y. and Swinnen, J. V., CRISP-ID: decoding
CRISPR mediated indels by Sanger sequencing. Sci. Rep. 2016. 6: 28973.

van Diemen, F. R, Kruse, E. M., Hooykaas, M. ]J., Bruggeling, C. E.,
Schurch, A. C., van Ham, P. M., Imhof, S. M. et al. CRISPR/Cas9-mediated
genome editing of herpesviruses limits productive and latent infections.
PLoS Pathog 2016. 12: e1005701.

Rizk, A., Paul, G., Incardona, P., Bugarski, M., Mansouri, M., Niemann, A.,
Ziegler, U. et al., Segmentation and quantification of subcellular struc-
tures in fluorescence microscopy images using Squassh. Nat. Protoc. 2014.
9: 586-596.

Cossarizza, A., Chang, H. D., Radbruch, A., Acs, A., Adam, D., Adam-
Klages, S., Agace, W. W. et al., Guidelines for the use of flow cytometry
and cell sortingin immunological studies (second edition). Eur. J. Immunol.
2019. 49: 1457-1973.

Schneppenheim, J., Huttl, S., Mentrup, T., Lullmann-Rauch, R., Rothaug,
M., Engelke, M., Dittmann, K. et al,, The intramembrane proteases signal
peptide peptidase-like 2a and 2b have distinct functions in vivo. Mol. Cell.
Biol. 2014. 34: 1398-1411.

E.V.. empty vector - HC:

healthy control - NTF: N-terminal fraction - PsA: psoriatic arthritis - RA:

rheumatoid arthritis - SpA: spondyloarthritis - SPPL2a: signal peptide

peptidase-like 2A

Full correspondence: Dr. Marianne Boes, Center for Translational
Immunology, University Medical Center Utrecht, KC.02.085.2,
Lundlaan 6, 3584 EA Utrecht, The Netherlands

e-mail: m.lL.boes@umecutrecht.nl

Dr.

Timothy R.D.J. Radstake, Department of Rheumatology & Clinical

Immunology, University Medical Center Utrecht, F02.127,
Heidelberglaan 100, 3508 GA Utrecht, The Netherlands
e-mail: T.R.D.J.Radstake@umcutrecht.nl

The peer review history for this article is available at
https://publons.com/publon/10.1002/eji.201948502

Received: 5/12/2019
Revised: 10/2/2020
Accepted article online: 21/3/2020

Www.eji-journal.eu

1219 &



