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Abstract
Background and purpose: Progressive multifocal leukoencephalopathy (PML) constitutes 
a severe disease with increasing incidence, mostly in the context of immunosuppressive 
therapies. A detailed understanding of immune response in PML appears critical for the 
treatment strategy. The aim was a comprehensive immunoprofiling and radiological char-
acterization of magnetic resonance imaging (MRI) defined PML variants.
Methods: All biopsy- confirmed PML patients (n = 15) treated in our department between 
January 2004 and July 2019 were retrospectively analysed. Data from MRI, histology as 
well as detailed clinical and outcome data were collected. The MRI- defined variants of 
classical (cPML) and inflammatory (iPML) PML were discriminated based on the intensity 
of gadolinium enhancement. In these PML variants, intensity and localization (perivascu-
lar vs. parenchymal) of inflammation in MRI and histology as well as the cellular composi-
tion by immunohistochemistry were assessed. The size of the demyelinating lesions was 
correlated with immune cell infiltration.
Results: Patients with MRI- defined iPML showed a stronger intensity of inflammation 
with an increased lymphocyte infiltration on histological level. Also, iPML was char-
acterized by a predominantly perivascular inflammation. However, cPML patients also 
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INTRODUC TION

Progressive multifocal leukoencephalopathy (PML) is a demyelinat-
ing disease of the central nervous system (CNS) caused by a reactiva-
tion of the JC virus (JCV) belonging to the polyoma group [1,2]. PML 
constitutes one of the most dismal neurological disorders usually 
occurring in acquired or hereditary immunocompromised conditions 
such as human immunodeficiency virus (HIV) infection, neoplasia or 
treatments for different autoimmune diseases [3]. Lately, the inci-
dence of PML is increasing as a result of a variety of efficient next 
generation immunosuppressive treatments like monoclonal antibod-
ies in patients with autoimmune diseases [4]. Unusual cases of PML 
without apparent immunosuppression are reported [5,6].

In patients with HIV- related PML, demyelination is the most 
prominent characteristic in magnetic resonance imaging (MRI), 
barely showing any signs of inflammation (so- called ‘classical 
PML’ [cPML]). In contrast, approximately 30% of patients with 
monoclonal- antibody- related PML show inflammatory contrast- 
enhancing lesions in MRI recently coining the umbrella term ‘in-
flammatory PML’ (iPML) [7]. In some of these patients, punctuate 
T2 lesions and punctuate contrast enhancement were described as 
a potential surrogate for perivascular localization of inflammation 
[8,9]. Additionally, contrast enhancement is described as the lead-
ing imaging finding in PML patients with inflammatory signs [10]. A 
precise conceptual delimitation of the terms iPML and PML- immune 
reconstitution inflammatory syndrome (IRIS) is lacking [11]. Both 
are allocated to similar imaging and histopathological features and 
therefore most probably constitute the same pathophysiological 
condition. PML- IRIS is described as associated with paradoxical clin-
ical deterioration, high morbidity and mortality triggered by forced 
immune reconstitution [3,12]. IRIS is not specific for PML but may 
also occur in other opportunistic infectious diseases [13].

For PML treatment virostatic therapies have been proposed 
without resounding success [14,15]. Thus, therapeutic strategies aim 
to re- establish CNS immune surveillance via combined antiretroviral 
therapy in HIV- related PML [16] or cessation and clearance of trig-
ger substances [12]. Promising results were shown for a treatment 
approach based on immune checkpoint inhibitors that augment im-
mune response [17]. In contrast, therapeutic management of the in-
flammatory PML variants is based on steroid treatment and newer 
anti- inflammatory agents are being tested [18].

Because of the lack of targeted treatments for PML, prevention 
and early recognition by risk stratification and improved diagnostic 
tools are crucial [2]. Diagnosis of PML is based on clinical and neu-
roradiological findings as well as the detection of JCV DNA in the 
cerebrospinal fluid (CSF), which can be difficult in patients with a rel-
atively intact immune system and low JCV copy numbers [19,20]. In 
these patients, stereotactic brain biopsy is applied for JCV detection 
[21]. The histopathological hallmarks of PML lesions— comprising a 
demyelination alongside JCV- infected oligodendrocytes with nu-
clear inclusions and a reactive gliosis with bizarre astrocytes— are 
well established [3,19]. However, the underlying mechanisms of in-
nate and adaptive immune responses controlling JCV infection are 
poorly understood. Although microglia and macrophages (M/M) ac-
count for the majority of immune cells in PML lesions [22,23], there 
are hardly any studies systematically profiling an innate immune 
response. Data about a potential association of immune infiltration 
with clinical parameters or neuroradiological PML characteristics 
[19,22] are sparse and controversial due to small patient cohorts. 
MRI was so far rather applied to exclude PML than to frame the di-
agnosis [19,24]. A comprehensive characterization of infiltrating im-
mune cell subsets in PML lesions and its correlation with radiological 
PML variants is much needed given the therapeutic relevance of the 
inflammatory status of the PML that implicates a decision for an im-
mune enhancing or inhibitory treatment concept.

The immune cell landscape and radiological characteristics were 
retrospectively characterized in all patients diagnosed with PML at 
our department over a 15- year period.

MATERIAL S AND METHODS

Study design and data collection

This retrospective study included all patients diagnosed with defi-
nite PML according to the American Academy of Neurology con-
sensus statement [19] who underwent brain biopsy with detection 
of JCV in brain tissue in our department from January 2004 to 
July 2019 (Figure 1a, Tables S1 and S2). The MRI- defined terms 
iPML and cPML based on the intensity of gadolinium enhancement 
(see below) were applied. Additionally, a cohort of eight non- PML 
control patients (Table S3) with inflammatory CNS pathologies 

demonstrated certain inflammatory tissue alterations. Infiltration of CD163- positive mi-
croglia and macrophage (M/M) subtypes correlated with PML lesion size.
Conclusions: The non- invasive MRI- based discrimination of PML variants allows for an 
estimation of inflammatory tissue alterations, although exhibiting limitations in MRI- 
defined cPML. The association of a distinct phagocytic M/M subtype with the extent of 
demyelination might reflect disease progression.

K E Y W O R D S
biomarker, immune response, MRI, neuroimaging, PML
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of different aetiologies was used for immunohistochemical (IHC) 
analyses. JCV in brain tissue was negative in all non- PML control 
patients. The following additional parameters were included for 
each case: epidemiological characteristics such as sex and age at 
PML diagnosis, Karnofsky Performance Status at PML diagnosis, 
underlying disease, duration of underlying disease and respec-
tive treatment with regard to PML diagnosis, diagnostic latency 
(in months) between symptom onset and brain biopsy, CD4 lym-
phocytopenia, JCV detection in CSF, CSF pleocytosis (>4 cells/
μl), PML treatment approach and clinical outcome (overall survival 
from bioptic PML diagnosis).

In situ hybridization for JCV detection

Manual in situ hybridization (ISH) for JCV detection and consecutive 
diagnosis of PML was applied. Paraffin- embedded tissue specimens 
were deparaffinized and rehydrated, followed by blocking of endog-
enous peroxidase with H2O2 solution (15 min at room temperature) 
and proteinase K pre- treatment (15 min at 37°C). In situ hybridization 
was performed overnight at 37°C with a hybridization mix contain-
ing 50% deionized formamide, 10% dextrane sulfate, 2× SSPE buffer 
and 1 μg/ml of the biotinylated JCV DNA probe (JC Virus BioProbe, 
Enzo Life Sciences, Lörrach, Germany), followed by treatment with 
saline- sodium citrate (SSC) buffer (2× SCC 1 h at 37°C, 1× SCC 1 h 
at 37°C, two times 0.5× SCC for 30 min at 37°C). Detection was 
performed by direct affinity cytochemistry utilizing a streptavidin- 
biotin- peroxidase complex.

Histology

Paraffin tissue blocks were cut in 3– 4- μm thick slices using a mi-
crotome (Leica Microsystems) and mounted on SuperFrost slides 
(Thermo Scientific). Haematoxylin and eosin (H&E) stainings of 
paraffin- embedded tissue samples of 15 PML patients were analysed 
regarding their inflammation pattern (perivascular vs. parenchymal 
vs. combined perivascular/parenchymal), grade of inflammation in-
tensity (1, weak; 2, moderate, 3, strong), necroses and demyelination 
(dichotomized yes/no). All specimens were obtained from the tissue 
archives of the Edinger Institute (Neurological Institute), Frankfurt, 
Germany. The use of patient material and data was approved by the 
local ethics committee (432/17). Histological diagnoses of PML pa-
tients and a cohort of non- PML control patients were performed by 
board certified neuropathologists (PNH, MM).

Magnetic resonance imaging analysis

MRI data of 12 corresponding PML patients were available 
(Figure 1a, Table S2). Follow- up MRI data of four of these patients 
were available (Table S2). The protocol included T2- weighted im-
ages (WI), fluid- attenuated inversion recovery (FLAIR)- WI, T1- WI 

with and without intravenous contrast application, and diffusion- 
weighted images (DWI) with apparent diffusion coefficient (ADC) 
maps. Also, contrast- enhancing and non- enhancing lesions were as-
sessed on all sequences by two neuroradiological readers (LM, MW).

First, the intensity of MRI inflammation (none, poor, moderate or 
strong) was assessed on contrast enhanced T1- WI. The MRI-defined  
PML variants of cPML versus iPML were discriminated by the inten-
sity of gadolinium enhancement (cPML, absent, weak; iPML, moder-
ate, strong) resulting in n = 5 patients matching the criteria for iPML 
(Table S1).

Next, the MRI inflammation pattern (perivascular vs. parenchy-
mal vs. mixed perivascular and parenchymal) was evaluated on con-
trast enhanced T1- WI and T2- WI based on the respective patterns 
of contrast enhancement and T2 hyperintensity of the lesions.

Demyelination was defined as a flat T2 hyperintense subcorti-
cal lesion without mass effect [25]. The intensity of demyelination 
(weak, moderate, strong) was estimated depending on additional 
alteration patterns in T1- WI, DWI and ADC maps. Weak demyelin-
ation in PML lesions was defined as an only T2 hyperintense signal. 
Moderate demyelination in PML lesions was defined as an additional 
T1 hypointense signal as known from multiple sclerosis lesions [26]. 
Lesions of PML patients with an additional central low DWI signal 
and peripheral high DWI signal with correspondingly reduced ADC 
were defined as strong demyelinating lesions [27,28]. The area/size 
of a demyelinating lesion was measured in FLAIR- WI.

To describe the presence of necrosis, T2-  and FLAIR- WI as well 
as contrast enhanced T1- WI were analysed.

Immunohistochemistry

For IHC the following antibodies were used: anti- CD4 (Roche 
#790- 4423, clone SP35, undiluted), anti- CD8 (Dako, clone 
C8/144B, dilution for IHC 1:100), anti- CD20 (Dako, clone L20, 
dilution for IHC 1:500), anti- CD68 (Dako, clone M0876, dilu-
tion for IHC 1:200), anti- CD74 (Abcam, ab9514, dilution for IHC 
1:100), anti- CD138 (Dako, clone MI15, dilution for IHC 1:200), 
anti- CD163 (Leica Biosystems, NCL- CD163, dilution for IHC 1:50), 
anti- CD206 (Abcam, ab117644, dilution for IHC 1:100), anti- 
Granzyme- B (GrB) (Abcam, ab11198, clone GB7), anti- Iba1 (Wako, 
019- 19741, dilution for IHC 1:1000) and anti- major histocompat-
ibility complex class II (MHC- II) (Dako, clone M0775, dilution for 
IHC 1:1000). IHC was performed using standardized automated 
immunohistochemistry [29].

Manual quantification of immunohistochemistry

Immunohistochemical quantification of different leukocyte markers 
(CD4high-  and CD8- positive T lymphocytes, GrB- positive cytotoxic T-  
and NK- cells, CD20- positive B- cells, Iba1- , CD4low- , CD68- , CD74- , 
CD163- , CD206-  and MHC- II- positive M/M and CD138- positive 
plasma cells) was performed by estimation of the percentage of 
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positive cells related to the total cell number (PSZ, LM, PNH) of the 
entire tissue specimen. As for CD4- staining, positive lymphocytes 
were discriminated from CD4- positive M/M according to morphol-
ogy and staining intensity (CD4high vs. CD4low, evaluated by board 
certified neuropathologists MM, PNH). Stainings were analysed 
using a light microscope (BX41, Olympus).

Statistical analyses

Magnetic resonance imaging characteristics of PML patients (see 
above: perivascular and/or parenchymal inflammation pattern, in-
tensity of gadolinium enhancement, demyelination intensity, size 
of demyelinating PML lesion) were compared to H&E stainings (see 
above: perivascular and/or parenchymal inflammation, inflammation 
intensity, necrosis, demyelination) as well as the infiltration levels 
of different leukocytes assessed with IHC. Since homoscedastic-
ity and normal distribution were not given for all marker analyses, 
a nonparametric Wilcoxon test with subsequent adjustment of the p 
values by the Bonferroni– Holm method was used. Correlation anal-
yses were performed based on Pearson’s r and Spearman’s ρ test-
ing. Kaplan– Meier survival curves were compared by log- rank and 
Wilcoxon test for comparison of the overall survival between two 
groups. Significant p values are indicated (*p < 0.05). Statistical anal-
ysis was performed using JMP 15.0 software (SAS). Graphics were 
prepared using the GraphPad Prism 8 software (GraphPad Software 
Inc.). The Sankey diagram was created using the SankeyMATIC dia-
gram builder (Figure 1a).

RESULTS

Characteristics of the patient cohort

Fifteen PML patients were identified (n = 8 with HIV- related PML; 
n = 7 non- HIV PML patients with other underlying diseases and 
treatments; see Figure 1a and detailed clinical information in Table 
S1). None of our non- HIV PML patients was treated with the mon-
oclonal antibody natalizumab that was described to be associated 
with the iPML MRI pattern [7].

Patients with MRI- defined inflammatory PML showed 
stronger histological inflammation and a perivascular 
dominated inflammation pattern

Patients with an MRI- based definition of iPML tend towards a 
perivascular dominated inflammation pattern both in MRI (pattern 
of contrast enhancement and T2 lesions evaluated) and histology 
with a perivascular or mixed (perivascular and parenchymal) inflam-
mation pattern (Figure 1b), whereas MRI- defined cPML patients 
show a preponderant parenchymal inflammation pattern on MRI and 
histology (Figure 1c). MRI inflammation patterns (perivascular vs. 
parenchymal vs. mixed) were not entirely congruent with histology 
patterns (Figure 1d) nor did they correlate with particular immune 
cell subsets (Figures S1 and S2). Histological inflammation intensity 
was significantly stronger in patients with MRI- defined iPML than 
cPML, although it should be noted that cPML patients also displayed 
a certain level of inflammatory tissue alterations (Figure 1e).

Patients with iPML showed an increased infiltration of 
CD8- positive T- cells and CD138- positive plasma cells

Next, the adaptive and innate immune cell infiltration was compared 
in patients with MRI- defined iPML versus cPML. Lesions of iPML 
patients showed a significantly higher infiltration of the lymphocytic 
cell cluster and specifically of CD8- positive T- cells and CD138- 
positive plasma cells compared to cPML lesions (Figure 2a– c). The 
myeloid cell cluster and all other investigated immune cell subsets 
did not show statistically significant differences between iPML and 
cPML (Figures 2d,e, S3 and S4). Patients with cPML and iPML did not 
show a significant difference in overall survival (Figure 2f).

Infiltration with microglia and macrophages was a 
general hallmark of PML lesions

Generally, immune infiltrates of PML lesions predominantly com-
prised M/M besides different effector immune cells (Figure 3). 
Patients suffering from different inflammatory CNS pathologies 
without JCV detection in biopsy (Table S3) were included as a 

F I G U R E  1  Patients with MRI- defined inflammatory PML showed stronger histological inflammation and a perivascular dominated 
inflammation pattern. (a) The Sankey diagram was created using the SankeyMATIC diagram builder to illustrate the workflow for patients' 
inclusion. Patients with iPML were differentiated from patients with cPML based on the intensity of gadolinium enhancement in MRI. 
Pie diagrams showing a dominating perivascular (b) MRI and (c) histological H&E inflammation pattern in iPML patients in contrast to 
cPML patients (red, perivascular; blue, parenchymal; red/blue, mixed perivascular and parenchymal inflammation pattern). (b), (c) (lower 
panel) Representative MRI images of PML patients showing a distinct pattern of inflammation in contrast enhanced T1- WI reflecting 
perivascular (red ellipse), parenchymal (blue ellipse) or mixed perivascular and parenchymal inflammation patterns are depicted. MRI 
inflammation patterns were evaluated on the basis of T2 lesions and contrast enhancement pattern in T1- WI. Representative H&E stainings 
of PML patients with perivascular (red ellipse), parenchymal (blue arrows) or mixed perivascular and parenchymal inflammation pattern 
(original magnification 20×, scale bars 100 µm) are depicted. (d) Fractions of patients with perivascular, parenchymal or mixed histological 
inflammation in the patient groups with perivascular, parenchymal or mixed MRI inflammation. (e) Fractions of patients with weak (yellow), 
moderate (orange) or strong (red) histological inflammation in MRI- defined cPML versus iPML patients (significant p values ≤0.05 in bold 
italic) [Colour figure can be viewed at wileyonlinelibrary.com]
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non- PML control cohort for IHC analyses. In comparison to these 
non- PML patients, the M/M subsets expressing CD74 (functionally 
involved in antigen presentation) and CD163 (functionally involved 
in phagocytosis) as well as CD8- positive T- cells were found in con-
siderably higher amounts in PML lesions (Figure 3).

Infiltration of CD163- positive microglia and 
macrophages correlated with PML lesion size

Next, the extent of demyelination in MRI as a key PML feature was 
correlated with the immune cell infiltration as assessed by IHC. A 
significant correlation of the MRI- assessed size of demyelinating 
PML lesions with the infiltration of CD163- positive M/M was found 
(Figure 4a). A similar trend (yet missing statistical significance as for 
example for the CD206- positive M/M subtype) could be observed 
for all investigated M/M subpopulations (Figure S5), in contrast to 
effector immune cell infiltration (Figure S6). Patients with an above-  
or below- median size of the demyelinating PML lesion did not show 
a significant difference in overall survival (Figure 4b). In contrast to 
the actual size of MRI demyelination, the intensity of MRI demyeli-
nation showed no significant correlation with a particular immune 
cell subset (Figures 4c, S7 and S8).

Against the background that particular histological parameters 
(CD163- positive M/M infiltration) may be a surrogate for disease 
progression, our interest was in the temporal dynamics of our ra-
diological features. Follow- up MRI showed a decrease of the demy-
elinating lesion sizes in two patients with clinical improvement and 
longer- term follow- up periods (patients 2 and 6), whilst the actual 
MRI- defined PML variants remained stable in long-  and short- term 
follow- up MRI. The MRI inflammation pattern (parenchymal, peri-
vascular, mixed) did change in one of the four patients (patient 6) 
who lost the perivascular inflammation component in a time period 
of 1493 days between the two MRIs (Figure 5, Table S2) when he 
also received steroid treatment (Table S1).

DISCUSSION

PML constitutes a severe clinical condition in immunosuppressed 
patients. Diagnostic, preventive and targeted therapeutic standards 
based on prospective clinical trials are hard to establish due to its 
low incidence, diverse triggers and highly individual disease dynam-
ics. The incidence of PML is increasing due to the rising application 

of certain immunosuppressive and immunomodulatory drugs [4] 
such as monoclonal antibodies for treatment of multiple sclerosis 
[7,10]. The still remarkable diagnostic uncertainty, often reflected by 
a substantial latency until diagnosis confirmation (as also apparent 
in our cohort; Table S1), originates from a lack of pathognomonic 
clinical and neuroradiological features as well as a considerable high 
rate of false- negative results in CSF testing. Robust clinical, radio-
logical or histological biomarkers of predictive or prognostic value 
that also consider the different MRI-defined PML variants, that may 
constitute a continuous spectrum, are lacking. Also, a better under-
standing of adaptive and innate immune response in iPML and cPML 
patients including a characterization on a cellular level appears criti-
cal. So far, small- scale attempts [24] of historadiological correlation 
lack a detailed analysis of different immune cell types [22]. However, 
several smaller studies stress the importance of a cellular characteri-
zation of PML lesions for the understanding of pathogenesis and the 
identification of prognostic biomarkers [23,24,30– 32].

Therefore, the aim was to perform a broad histological- 
radiological characterization of PML patients with the different 
MRI-defined variants cPML and iPML that were differentiated based 
on the intensity of gadolinium enhancement in MRI. Interestingly, 
a perivascular dominated inflammation pattern both in MRI (eval-
uation of contrast enhancement as well as T2 lesions) and histol-
ogy turned out to be a hallmark of our iPML in contrast to cPML 
patients who displayed a rather parenchymal inflammation pattern 
(Figure 1b). Of note, the absence of gadolinium enhancement as a 
nonspecific sign of blood– brain barrier impairment [10,24] does not 
exclude inflammatory PML alterations [24,33,34]. In line with this, 
cPML patients of our cohort likewise displayed inflammatory alter-
ations in histology (Figure 1c,d), although histological inflammation 
intensity was significantly stronger in patients with iPML (Figure 1e). 
More specifically, IHC- based cellular classification revealed higher 
amounts of CD8- positive T- cells and CD138- positive plasma cells in 
iPML than cPML patients (Figure 2). This supports the hypothesis of 
a pathophysiological role of plasma cells in this context [3,24,32] that 
even correlate with an intrathecal antibody synthesis against JCV 
viral protein 1 [35]. Similarly, CD8- positive T- cells were suggested 
as a biomarker in some studies [24,30] with a potentially negative 
prognostic role in PML- IRIS [30,31] that could not be observed in our 
cohort with respect to overall survival (data not shown). The detailed 
underlying pathophysiological mechanisms of these findings are still 
unclear [3,36,37]. Other leukocyte subsets such as CD4- positive 
lymphocytes might also play a role in iPML [23]. Taken together, 
MRI- based stratification of cPML and iPML allows for an estimation 

F I G U R E  2  CD8- positive T- cells and CD138- positive plasma cells were increased in lesions of inflammatory PML patients. (a), (b) Box and 
whisker plots for significant comparisons of infiltration levels (%) with (a) CD8- positive and (b) CD138- positive cells (%) in iPML and cPML 
patients as well as representative immunohistochemistry stainings (original magnification 20×, scale bars 100 µm; significant p values ≤0.05 
depicted in bold italic). (c), (d) Heatmap of the patient samples (rows, PML variant defined by MRI depicted) showing the proportions of 
(c) lymphocytes and (d) myeloid cells (d). Unsupervised hierarchical clustering revealed two distinct clusters in cPML (light grey) and iPML 
(dark grey) patients. (e) Percentages of immune cells were compared in lesions of cPML (light grey) and iPML (dark grey) patients (SEM error 
bars are depicted and significant comparisons in Wilcoxon testing ≤0.05 are indicated with an asterisk). (f) Kaplan– Meier survival curves 
separating cPML (light grey) from iPML (dark grey) patients. Overall survival from PML diagnosis was compared by log- rank and Wilcoxon 
test (p values not significant, ns) [Colour figure can be viewed at wileyonlinelibrary.com]
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of the extent of inflammation and may therefore serve as a non- 
invasive and easily accessible tool to identify patients who may ben-
efit from anti- inflammatory treatment. However, it should be stated 
that this method is a simplification of the actual inflammatory tissue 
status and has its limitations especially in patients with MRI- defined 
cPML but marked inflammatory tissue alterations (Figure 1c,e).

As for the comprehensive characterization of immune cell infil-
tration in PML lesions performed in our study, M/M infiltration was 
found as a general hallmark of PML lesions (Figure 3), which is in line 
with studies based on pan- M/M markers without a consideration of 
different M/M subsets [22,23]. One study suggests CD68- positive 
M/M as a positive prognostic factor in PML [30]. Another study claims 
that CD68- positive M/M reflect a particular inflammatory state of 
PML lesions [38]. However, both studies are limited to low patient 

numbers and an analysis of only individual cell types. Interestingly, 
CD163-  and CD74- positive M/M subtypes as well as CD8- positive 
T- cells were found in higher amounts in PML lesions in comparison to 
lesions of our control cohort of different non- PML inflammatory CNS 
diseases (Figure 3). As for CD74, this MHC- II chaperone molecule 
was recently discovered to be an M/M marker in gliomas, where high 
levels of CD74- positive M/M are associated with prolonged survival 
and a potentially pro- inflammatory immune microenvironment [29]. 
Besides its function in antigen presentation, CD74 is known as a sur-
face receptor for the pro- inflammatory cytokine macrophage migra-
tion inhibitory factor [39] with pleiotropic pro- inflammatory effects 
that could play a role in PML pathophysiology. Since the heterogene-
ity of our control cohort was a clear limitation of our study, further 
studies including survival analysis and a functional characterization 

F I G U R E  3  PML lesions were dominated by microglia/macrophage infiltration. (a) Representative immunohistochemical stainings for 
infiltrating immune cell subsets in PML lesions are depicted for CD4high-  and CD8- positive T- cells, GrB- positive cytotoxic T-  and NK- 
cells, CD20- positive B- cells, CD138- positive plasma cells, Iba1- , CD4low- , CD68- , CD74- , CD163- , CD206-  and MHC- II- positive microglia/
macrophages (original magnification 20×, scale bars 100 µm). (b) Percentages of immune cells were compared in lesions of PML (light grey) 
and non- PML (dark grey) patients (SEM error bars are depicted and significant comparisons in Wilcoxon testing ≤0.05 are indicated with an 
asterisk). (c) Box and whisker plots for significant comparisons of infiltration levels (positive cells, %) with CD8- positive, CD74- positive and 
CD163- positive cells in PML and non- PML patients are depicted (significant p values ≤0.05 in bold italic) [Colour figure can be viewed at 
wileyonlinelibrary.com]

F I G U R E  4  Infiltration with CD163- 
positive microglia and macrophages 
correlated with PML lesion size. 
(a) Correlation analyses revealed a 
significantly positive association of the 
infiltration with CD163- positive microglia 
and macrophages with the size of the 
demyelinating lesion in PML patients 
(determined by MRI, mm2). The table 
depicts the correlation coefficients r2 
and Spearman’s ρ with the respective p 
values of CD163-  and CD206- positive 
microglia/macrophages as well as the PML 
lesion size (significant p values ≤0.05 in 
italic). (b) Kaplan– Meier survival curves 
separating patients with below-  and 
above- median PML lesion size. Overall 
survival from PML diagnosis is compared 
by log- rank and Wilcoxon test (p values 
not significant, ns). (c) Representative 
images of a weak, moderate and strong 
demyelination intensity of PML lesions in 
MRI FLAIR sequence [Colour figure can be 
viewed at wileyonlinelibrary.com]
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are needed to investigate whether the findings demonstrated in 
Figure 3 really reflect a pathognomonic feature or an association 
with disease development and progression of PML patients. Whilst 
demyelination is a cardinal feature of PML, a significantly positive 
correlation of the size of the demyelinating PML lesion with the infil-
tration of the CD163- positive M/M subtype was additionally found 
(Figure 4). A similar trend could be observed for all M/M subpopula-
tions (Figure S5). Since the scavenger receptor CD163 is functionally 
involved in phagocytosis as previously shown in glioma- associated 
M/M [40], increasing amounts of this M/M subtype might reflect 
the phagocytic environment of PML lesions. Therefore, the positive 
correlation of CD163- positive M/M with the increasing size of de-
myelination might be an expression of disease progression. The MRI- 
defined PML variants diagnosed in the first imaging remained stable 
in long-  and short- term follow- up. However, these analyses should be 
regarded as pilot data and interpreted with caution due to the lower 
patient numbers. Sequential radio- histological investigations within 
individual patients who were not available in the context of our study 
would be necessary to validate these findings.

In conclusion, this study provides evidence that the non- invasive 
investigation of MRI-defined PML variants might help in estimating 
inflammatory tissue alterations. Additionally, a subset of CD163- 
positive M/M was associated with the extent of MRI demyelination 
and therefore potentially with disease progression. In the light of 
the increasing incidence of PML, future prospective studies in larger 
patient cohorts are indispensable to confirm these findings and in-
vestigate their potential clinical relevance.
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