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Progressive multifocal leukoencephalopathy (PML) is a rare demyelinating disorder of
the brain caused by reactivation of the JC virus (JCV), a polyomavirus that infects at
least 60% of the population but is asymptomatic or results in benign symptoms in most
people. PML occurs as a secondary disease in a variety of disorders or as a serious
adverse event from immunosuppressant agents, but is mainly found in three groups:
HIV-infected patients, patients with hematological malignancies, or multiple sclerosis
(MS) patients on the immunosuppressant therapy natalizumab. It is severely debilitating
and is deadly in ~50% HIV cases, ~90% of hematological malignancy cases, and
~24% of MS-natalizumab cases. A PML risk prediction test would have clinical utility
in all at risk patient groups but would be particularly beneficial in patients considering
therapy with immunosuppressant agents known to cause PML, such as natalizumab,
rituximab, and others. While a JC antibody test is currently used in the clinical decision
process for natalizumab, it is suboptimal because of its low specificity and requirement
to periodically retest patients for seroconversion or to assess if a patient’s JCV index
has increased. Whereas a high specificity genetic risk prediction test comprising host
genetic risk variants (i.e., germline variants occurring at higher frequency in PML patients
compared to the general population) could be administered one time to provide clinicians
with additional risk prediction information that is independent of JCV serostatus. Prior
PML case reports support the hypothesis that PML risk is greater in patients with a
genetically caused immunodeficiency disorder. To identify germline PML risk variants, we
performed exome sequencing on 185 PML cases (70 in a discovery cohort and 115
in a replication cohort) and used the gnomAD variant database for interpretation. Our
study yielded 19 rare variants (maximum allele frequency of 0.02 in gnomAD ethnically
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matched populations) that impact 17 immune function genes (10 are known to cause
inborn errors of immunity). Modeling of these variants in a PML genetic risk test for MS
patients considering natalizumab treatment indicates that at least a quarter of PML cases

may be preventable.

Keywords: genetic risk, immunodeficiency, JC virus, multiple sclerosis, natalizumab, progressive multifocal
leukoencephalopathy, PML, serious adverse event

INTRODUCTION

Progressive multifocal leukoencephalopathy (PML) is a
rare CNS disorder that typically occurs in the context
of immunosuppression. Examples include HIV infection,
hematological malignancies, or following immunosuppressive
treatments for autoimmune diseases such as multiple
sclerosis (MS) or transplantation (1-3). Infection with JC
virus (JCV), a polyomavirus that is common in the general
population, is a prerequisite (4). Diagnosis can be challenging
as at least 20% of patients can repeatedly and falsely test
negative for JCV DNA in cerebrospinal fluid (CSF) (5, 6),
one of the main criteria for diagnosis (7). Furthermore,
patients are frequently asymptomatic for months and studies
indicate that more frequent MRI monitoring could help
with early diagnosis and improve prognosis (5, 8), which
would be particularly important to implement for high
risk patients.

Increased risk of PML in patients on immunosuppressant
therapies is well-documented, with the MS/Crohn’s disease drug
natalizumab carrying the highest risk (3, 9). Other MS drugs
with PML risk are fingolimod and dimethyl fumarate (9, 10).
Rituximab, which is used to treat a variety of conditions such
as hematological malignancies, systemic lupus erythematosus
(SLE), and rheumatoid arthritis (RA), has been implicated as a
cause of PML for several years but it has been difficult to establish
its level of risk (11-14).

The only therapeutic approaches that showed some efficacy
in the control of JCV replication in the CNS are based on
immune restoration. Depending on the underlying disease before
onset of PML, ~20-90% of patients die and survivors develop
severe physical and cognitive disabilities (15, 16). Due to the
severity of PML as a serious adverse event (SAE) linked to
several immunosuppressant drugs, an ideal scenario would be
to administer a PML risk test and exclude high risk patients
from a therapy in order to prevent PML cases. Currently, there
are no highly effective PML risk prediction tests in clinical
practice. For natalizumab, which carries the highest risk (9),
patients are tested for JCV antibodies using the STRATIFY
JCV assay (17, 18). However, the specificity of this test is low
because JCV is ubiquitous in the general population (18, 19)
and even JCV-negative patients are not free of risk since ~11%
will seroconvert and thus be in the higher risk group (20).
Confounding the risk decision process for the clinician and
patient is natalizumab’s high efficacy (21, 22), leading many
JCV-positive patients to take it despite the risk of PML. Clearly
there is a high unmet need for a more effective PML risk
prediction test.

Host genetics were hypothesized to predispose individuals
to PML (23) and subsequent case reports and studies
further support the association of PML with an underlying
immunodeficiency disorder (24-28). Immune dysregulation
disorders, previously classified as primary immunodeficiency
diseases (PID or PIDD) but now termed inborn errors of
immunity, are highly heterogeneous with 344 genes now
recognized by the International Union of Immunological
Societies (IUIS) (29, 30). To date, mutations in 11 IUIS genes
(BTK, CD40LG, DOCK8, MAGTI, NFKBI, PRKDC, RAGI,
RMRP, STAT1, STK4, and WAS) have been reported in PML
patients, most frequently for DOCKS8 (3 cases) (28, 31) and
STATTI (4 cases) (26, 32). In addition to ITUIS-designated genes,
mutations in BAG3 were reported as a potential cause of PML
in an immunocompetent patient based, in part, on the gene’s
links to JCV (e.g., virus replication is reduced when BAGS3 is
over-expressed) (33).

As a side note, a connection between host genetics and
severe complications in a small subset of virus-infected patients
occurs not only in the context of JCV. Hatchwell (23) cited
two other examples, X-linked lymphoproliferative disorder with
Epstein-Barr virus and TLR3 deficiency with herpes simplex virus
1, which was originally reported in 2007 (34). Several other
examples have been discussed in reviews (35, 36).

Given the high unmet need for PML risk prediction and
the preliminary evidence that host genetics may be a key factor
(23), we sought to identify PML-associated genetic variants in
two cohorts of PML patients (n = 70 Discovery cases, n = 115
Replication cases). We performed whole exome sequencing
(WES) on the 185 PML cases to enable an investigation of all
genes, but focused our study on identifying rare variants in a set
of 669 immune function genes. Using a variant burden approach,
we identified 19 variants in 17 genes (10 are IUIS genes) that are
candidates for a PML genetic risk prediction test.

METHODS

PML Cases Reported in the FDA Adverse

Event Reporting System (FAERS)

The current landscape of drugs potentially linked to PML was
assessed using publicly available data from the FDA (https://
open.fda.gov/data/faers/), accessed on November 2, 2019. Using
the search term “progressive multifocal leukoencephalopathy,”
data were downloaded for all years (1997 through June 30,
2019), a total of 4,854 cases. The data were filtered on the basis
of the patient’s underlying condition(s) (Reason for Use) and
drug/biologic used (Suspect Product Active Ingredients).
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A
Total PML cases (1997-2018)
Cancer (other) Leukemia/
225 Lymphoma
1,160
Other
1,731

Multiple
sclerosis
1,738

number of PML cases).

FIGURE 1 | Overview of PML cases in the FDA Adverse Event Reporting System (FAERS). (A) Total PML cases reported in the FAERS database sub-grouped by the
patient’s underlying disease (see Methods). (B) Total drug-linked PML cases for the Leukemia/Lymphoma patients (top chart) and MS patients (bottom chart). The
largest number of drug-linked PML cases in these disease groups were found for rituximab and natalizumab (Other drugs subgroup contains drugs linked to a small

Drug-linked PML cases (1997-2018)
Leukemia/Lymphoma patients

Rituximab 914
Other drugs 246

Multiple sclerosis patients

Natalizumab 1,576
Fingolimod 78
Dimethyl fumarate 45

Other drugs 39

For Figure 1A, Reason for Use conditions were binned as
Cancer (other), Leukemia/Lymphoma, MS, and Other (cases
where the indication was unknown or a variety of disorders
such as HIV, rheumatoid arthritis, systemic lupus erythematosus,
and transplant patients). For Figure 1B, Suspect Product Active
Ingredients were assessed for two subgroups of Figure 1A,
Leukemia/Lymphoma (top chart) and MS (bottom chart).

Since PML is a well-established side effect of natalizumab
(9, 19) and natalizumab comprises a large number of PML
cases in the FAERS data (1,658 of 4,854 cases had natalizumab
as a Suspect Active Ingredient), all MS patients with other
active ingredients co-listed were assumed to have PML
due to natalizumab. For dimethyl fumarate, fingolimod, and
other drugs (alemtuzumab, glatiramer acetate, interferon beta,
ocrelizumab, and teriflunomide), PML was attributed to these
active ingredients only if natalizumab was not co-listed.
Figure 1B shows the breakdown of PML cases by drug for the
Leukemia/Lymphoma and MS subgroups (Figure 1A).

PML Cases

Written informed consent was obtained from all PML patients
participating in this study under IRB approved protocols from
the following institutions: Beth Israel Deaconess Medical Center
(PI Koralnik), Icahn School of Medicine at Mount Sinai (BioMe
Biobank), NINDS/NIH (PI Major), Paris-Sud (PI Taoufik),
Vanderbilt University (BioVU Biobank).

Two PML cohorts were assembled for our study: Discovery
(Dis) cohort of 70 PML cases from NINDS/NIH (8 cases) and
Paris-Sud (62 cases); Replication (Rep) cohort of 115 PML cases
from Paris-Sud (24 cases), Beth Israel Deaconess Medical Center
(73 cases), Icahn School of Medicine BioMe Biobank (9 cases),
and Nashville Biosciences BioVU Biobank (9 cases). Patient
demographics and PML diagnostic criteria (7) are summarized

TABLE 1 | Demographics and diagnostic criteria for the PML cohorts.

Discovery Replication  Total cases
(n =70) (n=115) (n = 185)

GENDER
Male 44 74 118
Female 26 41 67
ETHNICITY
EUR 49 87 136
AFR 21 28 49
PRIMARY DISEASE (EUR, AFR)
Blood cancer 4 4,0 18 (18,00 22 (22,0
HIV 53 (32,21) 72 (45,27) 125 (77,48)
MS 9 9,0) 6 6, 0) 15 (15,0)
Other 4 @,0 19 (18,1 23 (22,1)
PML DIAGNOSTIC CRITERIA
Compatible clinical features 70 115 185
Compatible imaging findings 70 115 185
CSF PCR for JCV is positive 70 94 164
Brain biopsy 0 17 17

in Table 1. Prior to onset of PML, most patients had a primary
disease that we broadly grouped as: blood cancers (including
chronic lymphocytic leukemia, Hodgkin lymphoma, non-
Hodgkin lymphoma, myeloma, and myelodysplastic syndrome),
HIV, MS, or Other (including bone marrow, kidney and liver
transplant patients, alcoholic cirrhosis, anaplastic plasmacytoma,
aplastic anemia, inflammatory myopathy, colon cancer, liver
cancer, lymphopenia, polycythemia vera, sarcoidosis, thymoma
with immunodeficiency, or unknown).
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To confirm the ancestry of each PML case, whole genome
sequencing (WGS) data at a read depth of 0.1x was generated
on genomic DNA for all 185 cases (Gencove, New York, NY).
This low pass sequencing method vyields sufficient data (on
the basis of SNPs) to ascertain ethnicity and to determine
uniqueness of a sample (i.e., we confirmed that all 185 DNA
samples were obtained from different, unrelated individuals).
To simplify interpretation of the PML patient variants using
public databases (see Control Subjects), the Gencove-reported
ethnicities were combined to determine the highest percentage
ethnicity for either European (EUR) or African (AFR) ancestry
as follows: EUR = (EMED + NEEUROPE + NEUROPE -+
NITALY + NNEUROPE + SCANDINAVIA + SWEUROPE)
and AFR = (CAFRICA + EAFRICA + NAFRICA + SAFRICA
+ WAFRICA). The majority of PML patients could be readily
assigned as EUR or AFR ethnicity, but a few individuals were
binned according to their closest ethnicity (e.g., 5 patients with
predominantly ASHKENAZI and 2 patients with predominantly
TURK-IRAN-CAUCASUS ancestry were assigned as EUR).

Control Subjects

Two publicly available population data resources were used
as controls for variant interpretation: Genome Aggregation
Database (gnomAD, v 2.1.1) (37) containing 8,128 AFR exomes,
4,359 AFR genomes, 56,885 NFE exomes, 7,718 NFE genomes;
1,000 Genomes Project (TGP) (38) containing 440 AFR exomes
and 436 EUR exomes. For the TGP controls, variants for the
exome data were called using Google’s DeepVariant (DV, v 0.7.0)
caller (39).

Whole Exome Sequencing

WES data were generated for the 185 PML cases using the
ACE Exome sequencing service by Personalis (Menlo Park, CA).
As was done for the TGP exome data, we used the DV caller
(39) for variant calling in the WES data sets. Individual BAM
files were generated using Burrows-Wheeler Aligner (BWA, v
0.6.2 for Dis cohort, v 0.7.12 for Rep cohort) (40): aligning
reads to the Genome Reference Consortium Human Build
37 (GRCh37), realigned using GATK IndelRealigner (https://
software.broadinstitute.org/gatk/; v 3.1 for Dis cohort, v 3.4
for Rep cohort), and variant call format (VCF) files were
subsequently generated for each PML sample (Dis or Rep
cohort). Variant inclusion criteria were: total (read) depth (DP)
> 10 [site depths were calculated directly from the BAM files
using SAMtools (41) depth function v 1.9, with constraints for
Base Quality > 10 and Mapping Quality > 20], Variant Allele
Frequency (VAF) > 0.2 for heterozygous calls, and VAF > 0.8
for homozygous calls (VAF < 0.8 were treated as heterozygous
calls). Variants that did not pass these filtering criteria were
identified as “NA” (DP < 10 and/or VAF < 0.2) and these were
not included in read count analyses for the Dis and Rep cohorts.
Annotation of DV-called variants was performed using dbNSFP
(v3.5) (42).

Immune Function Genes
A list of candidate immune function genes was curated from
the following main sources: genome-wide study of rare copy

number variants in 70 PML cases (Dis cohort) that impact
immune function genes (data not shown), genes from the
ClinVar database (43) using search terms “immune deficiency”
and “immunodeficiency,” IUIS and other immunodeficiency
reviews (29, 30, 44-50), type I interferon pathway genes (51-
58), complement pathway genes (59), and JCV or PML linked
biology (23, 26, 33, 60-64). The full list of 711 unique genes
were cross-checked against genes that were found with DV-called
variants in the Dis and/or Rep cohorts. This yielded a set of 669
unique genes (Supplementary Table 1) that were used for variant
burden analyses.

Statistical Analyses

Odds ratios (ORs) and Fisher’s Exact Test (2-tail) p-values
were calculated with a custom perl script (perl module: https://
metacpan.org/pod/Text::NSP::Measures::2D::Fisher::twotailed)
or R: RStudio Team (2015), RStudio: Integrated Development
for R. RStudio, Inc., Boston, MA URL http://www.rstudio.com/.
Calculations in Table 4 were performed based on the method
described in Tonk et al. (65).

Variant Burden Analyses

Variant burden analyses on the Dis and Rep PML cohorts
were performed by preparing a set of four files containing
heterozygous (het) variants for PML cases compared to gnomAD
data (v 2.1.1, both exomes and genomes were used): Non-Finnish
Europeans (NFE) for EUR PML cases and African/African
American (AFR) for AFR PML cases. Separate files were prepared
for all genes (~20,000) and the curated set of 669 immune
function genes (Supplementary Table 1): 669-genes Dis, all-
genes Dis, 669-genes Rep, all-genes Rep. For each variant found
in atleast one PML case, a count was performed in order to obtain
the frequency of a given variant in the cohort as a whole. This
aggregate data was compared to counts for the same variant as
reported in gnomAD. For filtering purposes, the variant burden
files included functional prediction annotation (e.g., PolyPhen
and SIFT), variant frequency in the PML cohorts and gnomAD
subjects (i.e., number of het PML cases/total PML cases or
number of het gnomAD subjects/total gnomAD subjects), OR,
and p-value.

Filtering of candidate variants was done on an ethnic-
specific basis (EUR or AFR) and with both ethnicities combined
(EUR+4-AFR). Top candidate variants in the 669-genes variant
burden files (Dis and Rep) were identified on the basis
of the following filtering criteria (Supplementary Table 2):
Impact = High or Moderate, gnomAD frequency < 0.05, number
of PML cases with a given variant (PML_ALT) was set at >1,
2, or 3 (AFR, EUR, EUR+AFR, respectively), OR > 1, and p
< 0.1. In the pair of all-genes variant burden files, the filtering
criteria were: Impact = High or Moderate, gnomAD frequency
< 0.05, number of PML cases with a given variant (PML_ALT)
was set at >1, 3, or 3 (AFR, EUR, EUR+AFR, respectively),
OR > 1, and p-value was set at <0.005, 0.05, or 0.01 (AFR, EUR,
EUR-+AFR, respectively).

Further steps for identifying top candidate variants consisted
of: (1) determining the set of filtered variants found in both the
Dis and Rep data (Overlap Dis Rep), (2) technical review, and
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TABLE 2 | PML cohort variant burden results for 669 immune function genes and all genes analyses.

Analysis® Gene symbol Variant (hg19) Ethnicity gnomAD subjects® Discovery Replication Combined

PML cases p-value OR PML cases p-value OR PML cases p-value OR OR 95% CI

1 IGLL1 22-23915745-G-A  EUR 0/48/64410 2/49 6.77E-04  57.02 1/87 6.40E-02  15.59 3/136 1.77E-04  30.23 5.95-95.84
2 MDC1 6-30673359-T-G EUR 0/347/60562 2/49 3.25E-02 7.38 6/87 1.27E-06  12.85 8/136 1.56E-06  10.85 4.56-22.25
2 STXBP2 19-7712287-G-C EUR 0/311/63507 2/49 2.44E-02 8.65 2/87 6.88E-02 4.78 4/136 4.81E-03 6.16 1.64-16.31
3 FCN2 9-137779251-G-A EUR 2/505/64168 3/49 7.00E-03 8.19 3/87 3.23E-02 4.48 6/136 8.21E-04 5.79 2.08-13.04
2,3 MCM5 22-35806756-G-A  EUR 7/736/64588 3/49 1.90E-02 5.60 4/87 1.85E-02 4.14 7/136 1.10E-03 4.66 1.83-9.93
2 IGLL1 22-23915583-T-C EUR 0/541/64515 2/49 6.41E-02 5.03 3/87 3.74E-02 4.22 5/136 6.14E-08 4.51 1.44-10.87
2 IFIHT 2-163136505-C-G EUR 6/1367/64143 6/49 6.18E-04 6.38 5/87 3.95E-02 2.79 11/136 1.86E-04 4.02 1.95-7.47
2 PLCG2 16-81939089-T-C EUR 3/610/64302 2/49 7.99E-02 4.42 3/87 5.12E-02 3.71 5/136 1.03E-02 3.97 1.26-9.54
4 PLCG2 16-81942175-A-G EUR 2/934/64000 3/49 3.52E-02 4.39 3/87 1.36E-01 2.41 6/136 1.56E-02 3.1 1.12-6.98
5 LY9 1-160769595-AG-A  AFR 0/0/12479 1721 1.68E-03 1826.27 1/28 2.24E-08 1361.40 2/49 1.50E-05 1313.63  48.37-Inf
6 LIG1 19-48643270-C-T  AFR 0/10/12484 1/21 1.83E-02 62.11 1/28 2.44E-02  46.02 2/49 9.64E-04  52.87  5.49-260.10
6 PKHD1 6-51798908-C-T AFR 0/17/12485 2/21 4.51E-04  76.87 1/28 3.95E-02  27.12 3/49 6.11E-05 47.68 8.66-173.38
6 AIRE 21-45708278-G-A  AFR 0/23/12433 1/21 3.97E-02  26.94 1/28 5.26E-02  19.95 2/49 4.28E-08  22.94 2.55-97.1
6 GFI1 1-92946625-G-C AFR 0/30/12105 1/21 5.24E-02  20.09 1/28 6.92E-02  14.89 2/49 7.31E-08  17.11 1.93-70.83
6 NQO2 6-3015818-G-A AFR 0/54/12484 1/21 8.85E-02  11.50 2/28 6.90E-03  17.69 3/49 1.42E-03  15.00 2.9-49.01
6 csB 1-57409459-C-A AFR 0/38/12483 1/21 6.35E-02  16.35 1/28 8.38E-02  12.12 2/49 1.06E-02  13.93 1.68-56.58
6 CFHR2 1-196918605-A-G AFR 0/58/12384 1/21 9.63E-02  10.62 2/28 8.01E-08  16.33 3/49 1.76E-03  13.85 2.68-45.01
6 DNASETL3 3-58191230-G-T AFR 0/44/12483 1/21 7.30E-02 14.12 1/28 9.61E-02  10.46 2/49 1.39E-02  12.02 1.37-48.52
6 TCIRG1 11-67818269-G-A  AFR 2/490/12463 4/21 8.60E-03 5.72 3/28 9.76E-02 2.92 7/49 3.09E-03 4.05 1.63-9.17
4 PLCG2 16-81942175-A-G AFR 0/194/12067 4/21 3.36E-04  14.39 1/28 3.66E-01 2.27 5/49 1.21E-03 6.95 2.13-17.76
4 PLCG2 16-81942175-A-G EUR+AFR 2/1128/76067 7/70 8.60E-05 7.37 4/115 9.34E-02 2.39 11/185 1.22E-04 4.19 2.05-7.72

aAnalysis source of the variant: 1, ad-hoc EUR for 669-genes; 2, 669-genes EUR; 3, all-genes EUR; 4, 669-genes EUR+AFR; 5, all-genes AFR; 6, 669-genes AFR.
bAllele data are reported as homozygotes/heterozygotes/total subjects (allele number/2).
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(3) gene biology review. For technical review, a rank of 1 was
assigned for variants meeting the following criteria: Overlap Dis
Rep variants had an OR > 3 in both the Dis and Rep cohorts,
were present on an autosomal chromosome (one chromosome X
variant was excluded, which would be impractical to interpret),
had maximum read counts in the PML cases (Dis EUR = 49, Dis
AFR =21, Rep EUR = 136, Rep AFR = 28), had >80% coverage
in both the NFE and AFR gnomAD subjects (i.e., the variant was
reported in >62,000 NFE+AFR, ~80% of maximum 77,090),
and had reasonable PML case counts and p-values (occasional
variants with unlikely p-values received extra scrutiny, such as
inspection of the BAM images, to exclude false positives based
on factors not adequately dealt with by the usual QC filtering
criteria—e.g., pseudogenes or complicated insertions/deletions).
For gene biology, a rank of 1 was assigned to all variants in the
669-genes files (i.e., their corresponding genes implicitly have
strong biology, see Supplementary Table 1) and PubMed was
used to find supporting immune dysregulation biology for any
all-genes candidates.

A set of 19 variants, reported in Table 2, were considered to be
candidates for a PML genetic risk test. The OR and p-values were
calculated on an ethnic-specific basis for the individual cohorts
(Dis or Rep) and for the combined cohorts (Dis plus Rep) using
gnomAD subjects as the control data. We note that while there
were no homozygous PML cases for the set of 19 variants, 6
of 19 variants had a small number of homozygotes reported in
gnomAD and these were included assuming a dominant model
(i.e., hets and homs were summed for the calculations). Variants
are sorted by descending OR value for the combined cohort data
except for PLCG2 variant 16-81942175-A-G, which is the only
variant that survived the filtering and ranking criteria for the
EUR+AFR 669-genes analysis. Its OR and p-value are reported
three ways (EUR, AFR, and EUR+AFR). Finally, less stringent
filters were applied in a second set of analyses but only for the
set of 17 genes identified in the first set of filters. The second
level of filtering required presence in the combined cohorts (Dis
plus Rep) of >3 EUR cases or >2 AFR cases and at least 1 case
in both the Dis and Rep cohorts. Only one additional variant
was found and added to Table 2, an EUR variant (IGLLI 22-
23915745-G-A).

Two more quality checks were performed for the set of 19
variants to determine if there was any bias in the statistical
analyses by using the full set of gnomAD data (joint variant
calling using a BWA-Picard-GATK pipeline). First, p-values
and OR were calculated using only the gnomAD exome
data (GE) and the gnomAD genome data (GG). This was
done for the combined PML cohorts (Dis plus Rep) and,
for comparison, the corresponding Table 2 results (GE+GG)
were reiterated in Supplementary Table 3. Second, a fourth
set of p-values and OR were calculated using the DV-called
TGP exome data (38) for EUR (436 subjects) and AFR
(440 subjects) ancestries to check if there were any major
discrepancies between the gnomAD variant calling and DV
calling (PML cases and TGP exome subjects). Comparison
data (p-values and OR) for the four approaches are reported
in Supplementary Table 3.

Functional Impact and Immune

Dysfunction Biology for Top Variants
Supplementary Table 4 reports on the functional impact for the
top 19 variants (their p-values and OR are reported in Table 2)
and 17 genes in which they are found (IGLLI and PLCG2
each had 2 variants). In addition to the IUIS gene information
reported in Supplementary Table 1, further evidence of immune
dysfunction for the genes and/or variants from prior studies is
also reported in Supplementary Table 4.

Diagnostic Yield, Clinical Validity, and

Population Impact Analyses

Diagnostic yield (PML cases with a variant divided by total PML
cases assessed for the variant) for the top 19 variants are reported
in Table 3, individually within the EUR or AFR combined
cohorts and for the non-redundant cumulative number of cases
(a subset of the PML cases had 2-3 of 19 variants). Table 3 also
reports the distribution of the 19 variants by primary disease
subgroups (Blood cancer, HIV, MS, and Other) and if they are
found in the other ethnicity (EUR variants in AFR cases or AFR
variants in EUR cases). Variant IDs in Table 3 reference which
variants were included in variant panel calculations presented
in Table 4.

Clinical validity and population impact (65) of the top 19
variants for the PML-linked biologic drug natalizumab are
reported in Table 4. The adverse event frequency was set at
1.3% based on the manufacturer’s current maximal estimate
of PML incidence (www.tysabrihcp.com/en_us/home/efficacy-
safety/pml-risk.html), which is comparable to 1.28% reported for
the STRATA study (66). Using the real world natalizumab data
summarized in Schwab et al. (19), the predicted performance of
a PML genetic risk test are depicted in Figure 2 using the top
three variants (1, 3, and 4) for the EUR MS subgroup of PML
cases (n = 15).

RESULTS

Given the high unmet need for drug-linked PML risk prediction
and preliminary data that PML patients have an underlying
immunodeficiency disorder, we sought to identify germline
variants in PML cases for development of a PML genetic risk test.
Two PML cohorts were assembled for our study and WES data
were generated for the total set of 185 cases. The primary analyses
focused on a set of 669 immune function genes but all genes were
also investigated with a more stringent set of filters. To develop
a simple genetic test, our goal was to identify rare variants that
were found in both PML cohorts and at a higher frequency than
found in the general population.

Highest Number of Drug-Linked PML
Cases Are Reported for Natalizumab and

Rituximab

To understand the current landscape for drug-linked PML and
confirm the need for a PML genetic risk test, we searched for PML
cases in the publicly available FAERS database (1997 through
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TABLE 3 | Diagnostic yield and distribution of top 19 PML-associated variants by primary disease.

Variant Gene Variant (hg19) Cases per Cum. cases Cum. Dx Blood cancer HIV MS Other  Other ethnicity

ID symbol variant non-redundant yield (n=22) (n=125) (n=15) (n=23) cases?

COMBINED EUR COHORTS (n = 136)

1 IGLL1 22-23915745-G-A 3 3 2.2% 0 2 1 0 1HV

2 MDC1 6-30673359-T-G 8 10 7.4% 0 7 0 1 1HV

3 STXBP2 19-7712287-G-C 4 14 10.3% 0 1 2 1 0

4 FCN2 9-137779251-G-A 6 19 14.0% 1 3 2 0 1HV

5 MCM5 22-35806756-G-A 7 26 19.1% 0 5 1 1 0

6 IGLL1 22-23915583-T-C 5 31 22.8% 4 1 0 0 0

7 IFIH1 2-163136505-C-G 11 40 29.4% 1 7 1 2 1 HIV

8 PLCG2 16-81939089-T-C 5 44 32.4% 0 3 0 2 0

9 PLCG2 16-81942175-A-G 6 45 33.1% 0 3 1 2 5 HIV

COMBINED AFR COHORTS (n = 49)

10 LY9 1-160769595-AG-A 2 2 41% 0 1 0 1 0

11 LIG1 19-48643270-C-T 2 4 8.2% 0 2 0 0 1HV

12 PKHD1 6-51798908-C-T 3 7 14.3% 0 3 0 0 0

13 AIRE 21-45708278-G-A 2 9 18.4% 0 2 0 0 0

14 GFI1 1-92946625-G-C 2 " 22.4% 0 2 0 0 1 Blood cancer,
1HV

15 NQO2 6-3015818-G-A 3 14 28.6% 3 0

16 Cc8B 1-57409459-C-A 2 16 32.7% 2 1 Blood cancer,
1HIV, 1 MS

17 CFHR2 1-196918605-A-G 3 19 38.8% 0 3 0 0 0

18 DNASE1L3  3-58191230-G-T 2 20 40.8% 0 2 0 0 0

19 TCIRG1 11-67818269-G-A 7 24 49.0% 0 7 0 0 0

9 PLCG2 16-81942175-A-G 5 26 53.1% 0 5 0 0 3 HIV, 1TMS,
2 Other

aQther ethnicity cases lists the number of AFR cases with an EUR variant (1-9) or the number of EUR cases with an AFR variant (9, 10-19).

June 2019). While duplicative reports are a caveat to its use, this
is offset by the substantial underreporting of SAE case reports in
FAERS (67). One other limitation is that likely not all FAERS-
reported PML cases have received a formal diagnosis of definite
PML, but will instead be probable or possible cases (7). Figure 1A
shows the total set of 4,854 PML patients sub-grouped by their
primary disease: Cancer (other), Leukemia/Lymphoma, MS, or
Other (see Methods). Figure 1B shows rituximab is the main
drug reported for PML patients with Leukemia/Lymphoma (top
panel) and for the MS subgroup it is natalizumab (bottom panel).

The incidence of PML in patients on rituximab has been
estimated at 1 in 30,000 according to a 2016 review (9). In a
2019 review (14), incidence was estimated at 1 in ~13,000 (7-8
per 100,000) but could be even more frequent in some patient
groups (e.g., two Veteran’s Administration hospital studies were
cited, 7/8,895 in non-HIV non-Hodgkin’s lymphoma patients
and 4/2,425 non-HIV chronic lymphocytic leukemia patients).
Rituximab is now being used to treat a broader range of diseases
(e.g., theumatoid arthritis, granulomatosis with polyangiitis, and
microscopic polyangiitis), including off-label for MS, so the total
number of patients at risk of developing PML while on rituximab
is growing (13, 14).

Association of PML with natalizumab therapy is well-
established, most notably in MS patients for which the drug was
originally approved (3, 16, 19, 68). In MS patients (Figure 1B), an

appreciable number of PML cases were reported for fingolimod
and dimethyl fumarate, but natalizumab accounts for 91% of
FAERS-reported PML patients (1,576 cases). The manufacturer
of natalizumab reported a decline in PML incidence since the
introduction of the JCV antibody test (69), but other analyses
indicate it may be underestimated (19, 70). Compared to other
drugs, PML risk for patients on natalizumab is at least ~20
times higher (e.g., 1/100-1/1,000 for natalizumab vs. 1/18,000 for
fingolimod) (9). The FAERS data for MS patients on natalizumab
over the past 5 years (2014-2018) that developed PML are: 178,
447, 155, 221, 160. Even with exclusion of the potential outlier
2015 report of 447 cases, this is an average of 179 PML cases
per year and is further evidence that PML continues to be a
significant issue despite use of the JCV antibody test.

Assembly of Two Large PML Cohorts to

Identify Germline Genetic Risk Variants

To maximize our ability to discover germline genetic risk
variants of PML, we assembled two large cohorts of PML
cases (Table 1). We believe this is the largest study, to date,
for investigation of host genetics that predispose individuals to
developing PML. The Dis cohort is smaller than the Rep cohort,
but the demographics are comparable (Dis vs. Rep): greater
number of males (63 vs. 64%), greater number of EUR cases (70
vs. 76%), and HIV is the largest primary disease subgroup (76
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TABLE 4 | Modeling clinical validity and population impact of variants for a natalizumab PML genetic risk test?.

Measure® EUR all (n = 136) EUR non-MS (n = 121) EUR MS (n = 15) EUR MS (n = 15) AFR all (n = 49)
Variant IDs® 1-9 1-9 1-9 1,8,4 10-19,9
Presence in PML cases 33.1% 30.6% 53.3% 33.3% 53.1%
Presence in gnomAD subjects 8.5% 8.5% 8.5% 1.4% 7.7%
Adverse event frequency? 1.3% 1.3% 1.3% 1.3% 1.3%
p-value 6.23E-16 3.30E-12 1.01E-05 1.23E-06 1.71E-16
OR [95% ClI] 5.33 [3.64-7.70] 4.75[3.13-7.07] 12.31 [3.90-39.90] 36.46 [9.75-117.60] 13.46 [7.35-24.79]
Sensitivity 32.2% 29.8% 51.5% 27.2% 51.0%
Specificity 91.8% 91.8% 92.1% 99.0% 92.8%

PPV 4.9% 4.6% 7.9% 26.1% 8.6%

NPV 99.0% 99.0% 99.3% 99.0% 99.3%

PAF 25.9% 23.3% 47.0% 26.2% 46.9%
NNT 25 28 14 4 13

NNG 297 330 164 294 164
NNT/NNG 0.08494 0.08494 0.08494 0.01353 0.07745
MS cases excluded from therapy® 4,672 4,672 4,672 744 4,260

PML cases prevented' 108 97 196 109 196

aData are reported on an ethnic-specific basis for the combined PML cohorts (Dis and Rep); subsets of the EUR cohort (non-MS, MS all 9 variants, MS top 3 variants) are also reported.
bpeasure abbreviations reported in Tonk et al. (65): PPV, positive predictive value; NPV, negative predictive; PAF, population attributable fraction; NNT, number needed to treat; NNG,

number needed to genotype.
©See Table 3 for variants IDs.

9Natalizumab manufacturer’s maximal reported incidence of PML (13/1,000), accessed on November 9, 2019: www.tysabrihcp.com/en_us/home/efficacy-safety/pmi-risk.html.
©Estimated number of MS cases excluded from therapy = NNT/NNG x 55,000 JCV-positive MS patients (19).

"Estimated number of PML cases prevented = PAF x 418 JCV-positive PML cases (19).

vs. 63%). The distribution of the total number of PML cases (Dis
plus Rep) in our study approximates the percentages reported
by the PML Consortium (15), wherein the largest number of
cases occur in HIV patients (~80%), followed by hematological
malignancies (~10%), other conditions (<10%), and MS patients
on natalizumab (<5%).

PML diagnostic criteria used for the cohorts were essentially
those defined in a consensus statement paper (7). One “gold
standard” criterion for diagnosing PML is a positive CSF test for
JCV via a PCR assay, which was reported for 89% of our PML
patients. Compatible clinical and imaging features were found for
all of our patients (Table 1), whereas brain biopsy was available
for only 9% of patients.

Evidence of Underlying Immunodeficiency

Disorders in PML Cases

Our study design is based on the hypothesis that PML occurs
in patients with an underlying immunodeficiency disorder (23).
Preliminary evidence for this premise is supported by reports of
PML cases with mutations in IUIS immunodeficiency disorder
genes (29, 30), such as DOCK8 and STATI plus others (23—
28, 31, 32). Therefore, we curated a set of 669 immune function
genes (Supplementary Table 1) of which 337 (50%) are reported
to cause inborn errors of immunity (29, 30) and the rest are from
a variety of sources (see Methods). This 669-genes list was used
for our main genetic analyses of the PML patient WES data in
order to enhance the discovery of PML-associated risk variants
(i.e., based on biology and statistics).

Rare, Deleterious Variants in Immune
Function Genes Identified in Both PML
Cohorts

Using a variant burden approach (see Methods), we identified
19 variants in 17 genes (Table2) that are candidates for a
PML risk test. Most of these variants (17 of 19) were found
by searching within the 669-genes data, while the remaining
2 variants (FCN2 and LY9 genes) were discovered using the
entire WES data set with alternate filtering criteria (see Methods).
Supplementary Table 2 summarizes the filtering criteria that
were applied to the variant burden files. In the 669-genes
analyses, filtering reduced the variants considered as candidates
in the Dis and Rep cohorts to <100 in the EUR and EUR+AFR
analyses and <400 in the AFR analysis. In the all-genes analyses,
filtering yielded <600 candidate variants in the EUR and
EUR-+AFR analyses and <1,700 in the AFR analysis.

An important aspect of our analyses is that our Dis and
Rep cohort sizes were underpowered to apply discovery and
replication methods typically used in GWAS. Because PML is so
rare, whether due to an immunosuppressed condition (e.g., HIV
or hematological disorders) or drug-related (e.g., natalizumab or
rituximab), it is not possible to assemble patient cohorts in the
thousands even via a worldwide consortium. Instead, we assessed
the set of filtered variants that overlapped between the Dis and
Rep cohorts (Supplementary Table 2) and then applied technical
and biological ranking criteria (see Methods) to yield the final set
of candidate PML risk variants.

Variants statistics (p-values and OR) using gnomAD subjects
as controls are presented in Table 2 on an ethnic-specific level
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positive yes
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54,256 309

JCV antibody PML genetic
test risk test

. negative
. positive

|:| positive

45,000

PML risk based
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not shown low yes
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FIGURE 2 | MS-Natalizumab patient population (2014-2016) and predicted
performance of a PML genetic risk test. (A) Number of MS patients
(JCV-negative vs. JCV-positive) on natalizumab and the subset that developed
PML are based on a summary by Schwab et al. (19). (B) Predicted impact of a
PML genetic risk test is based on the population impact data reported in
Table 4 (EUR MS, variants 1, 3, and 4). A suggested diagnostic decision
process (bottom panel) is depicted for patients that test positive and/or
negative on the JCV antibody test (currently used in natalizumab treatment
decisions) and the proposed PML genetic risk test.

(EUR or AFR) for the Dis and Rep cohorts and for the Combined
cohort (Dis plus Rep). We note that others have successfully used
large population-based cohorts to investigate rare disease (71). To
ensure there was minimal bias in using the full set of gnomAD
data (genomes and exomes) as controls, we also performed
the statistical calculations separately for gnomAD genomes,
gnomAD exomes, and TGP exomes (Supplementary Table 3).
The three additional sets of analyses were compared to the
Table 2 statistics but no appreciable differences in direction or
magnitude of effect were found.

In Supplementary Table 4, we report on the allele frequency
(gnomAD) and functional impact for the 19 variants reported

in Table2 along with additional biological support for the
corresponding genes from the published literature. For
functional prediction variant filtering, we restricted our
analyses to variants with a high or moderate impact but did
not require that a variant was predicted to be deleterious
as results can vary depending on the algorithm used (72).
Despite the caveats in variant prediction, 15 of 19 variants were
predicted to be deleterious by one or more prediction algorithms
(Supplementary Table 4).

All 19 variants, whether found with EUR or AFR filtering
methods, had a gnomAD allele frequency of <0.02 and 17
of 19 were < ~0.008 (EUR and AFR allele frequencies are
reported in Supplementary Table 4). This is likely a consequence
of applying a variant frequency filter of <0.05 for gnomAD
subjects (i.e., twice the allele frequency) in both the EUR
and AFR ethnicities prior to filtering on the number of PML
cases on an ethnic-specific basis (Supplementary Table 2). Rare
variants typically have a higher effect size, a key metric for a
predictive test (65), which is why we implemented this in our
filtering strategy.

Finally, Supplementary Table4 summarizes additional
immune function biology for the 17 genes in which the top
19 variants were found. We note that our 669-genes immune
function list (Supplementary Table1) is comprised of 337
IUIS genes (29, 30) and 10 of 17 genes found in our study are
IUIS genes. Supporting immune function biology is cited for
the remaining genes, including the two that were found in the
all-genes analyses (FCN2 and LY9).

PML-Linked Variants Have Cumulative
Diagnostic Yields of 30-50% and Are

Distributed Across Primary Diseases

Using the top 19 variants in Table 2, we constructed ethnic-
specific variant panels (Table 3) as prototypes for a PML risk test
that could use cost-effective genotyping methodologies. Variants
were ordered (Variant ID in Table 3) by descending OR value
(Table 2) within the EUR and AFR PML patient groups. The
number of PML cases with each variant is reported on an ethnic-
specific basis and in the other ethnicity. For example, Table 3
reports that the variant IGLLI 22-23915745-G-A was found in
3 EUR cases (Cases per variant) and 1 AFR case (Other ethnicity
cases). Also reported in Table 3 is the non-redundant cumulative
number of PML cases with one or more variants comprising the
EUR (9 variants, Variant IDs 1-9) or AFR (11 variants, Variant
IDs 9-19) panel. The cumulative diagnostic yield was 33.1%
for the EUR PML cases (45/136) and 53.1% for the AFR PML
cases (26/49).

The distribution of the top 19 variants across the four primary
disease subgroups is also reported in Table 3. This analysis was
not informative in the AFR subgroup since 48 of 49 AFR PML
cases had HIV as their primary disease. In the EUR subgroup,
however, all 9 EUR variants in the panel were found in two or
more primary diseases and 5 EUR variants were found in three
or more primary diseases. The IFIHI variant (2-163136505-C-G)
was found in EUR PML cases for all four primary disease groups
(Blood Cancer, HIV, MS, and Other) plus one AFR case (HIV).
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Notably, even in the smallest primary disease group of 15MS
cases, 6 of 9 variants were found. Overall, these findings support
the candidacy of these variants as predictors of PML risk, rather
than causing or contributing to the underlying (primary) disease
that each PML case has.

PML Cases Can Be Prevented With a

Germline Genetic Risk Test

Since natalizumab is the therapeutic agent that carries the highest
PML risk (9), we investigated the potential impact of our variants
in predicting PML risk. Clinical validity and population impact
parameters are reported in Table 4 for the EUR (n = 136) and
AFR (n = 49) combined cohorts (Dis plus Rep). Calculations
were performed based on Tonk et al. (65), assuming a PML
adverse event frequency for natalizumab of 1.3% (see Methods).
To model the PML risk test performance in MS patients on
natalizumab (see below), we used the JCV-negative and JCV-
positive subgroups reported by Schwab et al. (19) (Figure 2) for
determining the number of MS cases that would be excluded
from natalizumab therapy and the number of PML cases that
could be prevented.

Despite only requiring a small number of variants to be
genotyped (Table3, EUR Variant IDs 1-9), the EUR panel
had a reasonable sensitivity of 32.2% and specificity was
~92% (Table4). Since the primary patient group exposed to
natalizumab is MS, we further evaluated the EUR panel tests
in MS (n = 15) and non-MS (n = 121) PML cases separately.
The non-MS subgroup test parameters were comparable to
the EUR all group, but interestingly the EUR variant panel
showed higher sensitivity (51.5%) in the MS subgroup. This
is an encouraging result as potentially even more cases of
PML can be prevented if the sensitivity remains high when
further MS PML cases are tested for validation of the 9-variant
test panel.

We also modeled an EUR panel test containing the top 3
variants (Table 3, EUR Variant IDs 1, 3, and 4) found in the
MS subgroup. While this decreased the sensitivity (51.5% for 9
variants vs. 27.2% for 3 variants), specificity increased from 92
to 99%, which would reduce the number of patients excluded
from natalizumab therapy. In the example data (19) reported
in Table 4, if 55,000 JCV-positive MS patients were tested with
the 9-variant panel, 4,672 patients (8.5%) would be excluded,
whereas only 744 patients (1.4%) would be excluded with 3-
variant panel. Furthermore, of the 418 PML cases reported for
the example data, the 9-variant and 3-variant panels would have
prevented 196 (PAF = 47.0%) or 109 (PAF = 26.2%) cases of
PML, respectively.

The clinical impact that our 3-variant PML genetic risk
test would have in the MS patient community considering
natalizumab therapy is modeled in Figure2. The scenario
described by Schwab et al. (19) for 100,000 MS patients is
depicted in Figure 2A, wherein the low specificity JCV antibody
test (45% estimate in Table 2 of Schwab et al.) means 45,000
patients will be JCV-negative and 55,000 patients will be JCV-
positive. The number of PML cases in the MS population is
also depicted (Figure 2A, right chart), which predominantly

occurs in the JCV-positive patient subgroup (418 cases vs.
only 4 in JCV-negative patients). Despite the substantially
higher risk of PML in JCV-positive patients, natalizumab
continues to be a popular MS therapy because it is highly
effective (73).

Figure 2B shows that adding our 3-variant PML risk test
(Table 4) to the clinical decision process would exclude only 744
patients from natalizumab treatment but would prevent 109 PML
cases in the subset of patients that are JCV-positive. Based on
a 76% survival rate for natalizumab-associated PML (74), this
would also mean that 26 deaths could have been prevented. Using
the FAERS data (Figure 1) calculated average of 179 natalizumab-
associated PML cases per year (4-year average excluding high
outlier year 2015), on an annual basis our 3-variant or 9-
variant PML risk test panels would prevent 47-84 PML cases
and 11-20 deaths. Figure 2B (bottom panel) also shows how we
envision our PML genetic risk test could be implemented in the
clinical setting, wherein patients testing positive for both the JCV
antibody test and the genetic risk test would be strongly advised
not to take natalizumab.

DISCUSSION

We describe, for the first time, a set of 19 germline genetic
variants (Table 2) identified in PML cases (i.e., host genetics)
that are strong candidates for development of a PML risk
test (Table 4, Figure 2). With increased clinical use of highly
effective disease-modifying therapies in a variety of disorders,
there continues to be a substantial number of new PML cases
reported each year in FAERS (Figure 1), which experts believe
captures only a fraction of drug-linked SAEs (67, 75, 76). The
only PML risk test currently in use is the JCV antibody test
for patients considering natalizumab treatment. However, it has
low specificity so that while ~40% of patients test negative
(i.e,, have lower risk of developing PML), at least 60% of
patients test positive. In other words, only a small subset of
JCV-positive patients truly has a high risk of developing PML
(i.e., most JCV-positive patients have low PML risk and could
benefit from natalizumab therapy). It also requires periodic
testing to monitor if JCV-negative patients seroconvert and/or
if the JCV index has exceeded the upper index value of 1.5 (18,
77). Other non-genetic biomarker tests have been investigated,
such as CD62L/L-selectin and lipid-specific immunoglobulin M
bands in patients on natalizumab (19, 78), but none have been
routinely implemented in the clinical setting. Therefore, there
is a high unmet need for better risk stratification tools and our
PML variants could be implemented in a simple, inexpensive
genotyping test. Pending further validation studies, we estimate
that at least a quarter to as many as half of PML cases could be
prevented (Table 4, PAF values of 26.2-47.0%) in MS patients
on natalizumab.

A 2010 study of 152 PML cases attempted to identify host
risk variants in HLA loci but the results were inconclusive (79).
Based on a small number of PML case reports, Hatchwell (23)
hypothesized that PML patients have a genetic predisposition
as a third major risk factor, in addition to JCV infection and
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immunosuppression (due to disease and/or immunosuppressive
therapy). Later case reports and small studies reporting on PML
patients with immunodeficiency disorder mutations strongly
supports underlying genetics as a risk factor (24-28). In our
WES data on 185 PML cases, we also observed rare, deleterious
variants (data not shown) in known immunodeficiency disorder
genes (29, 30) but our goal for this study was to identify
variants occurring in multiple PML cases that could be used
in a PML genotyping risk test. All of our candidate PML
risk variants (Table2) had p < 0.02 (uncorrected) in the
combined cohorts (Dis plus Rep) and moderate to high effect
size (OR values of 3.11-1313.63). Supporting biology (10/17
genes are IUIS immunodeficiency disorder genes) and in
silico functional prediction (15/19 variants are predicted to be
damaging/deleterious by at least one method) provide additional
support for their candidacy as PML risk prediction variants
(Supplementary Table 4).

An important finding in our study is that all 9 variants
found in our EUR PML cases were distributed across two
or more disease subgroups (Table3). While we could not
assess this in our AFR PML cases (48 of 49 were HIV
PML cases), the dispersal of the same variants in the EUR
subgroups suggests that PML genetic risk is independent
of the primary disease and/or immunosuppressant that led
to the patients development of PML. In other words, our
results indicate that the germline risk factors for PML apply
to all subgroups, irrespective of underlying disease, which
is consistent with the commonalities observed for clinical
and diagnostic features (e.g., motor weakness and cognitive
changes and similar brain radiological patterns) described in
clinical studies of PML (5, 80-82). Therefore, if validated
in additional PML cases, our variants could be used in a
risk test applicable in multiple clinical settings: HIV-positive
patients to ensure compliance with combination antiretroviral
therapy (cART), hematological malignancy patients (such as
those being considered for rituximab vs. transplant therapy),
MS patients under consideration for disease-modifying therapies
(natalizumab, fingolimod, dimethyl fumarate, etc.), and others.
Patients testing positive with the JCV antibody test and PML
genetic risk test, regardless of underlying primary disease or
immunosuppressive therapy being used to treat their condition,
would be considered very high risk and therefore benefit from
closer clinical scrutiny (e.g., more frequent MRI screenings to
detect PML lesions before onset of symptoms).

Presently, among the immunosuppressant therapies with
PML risk warnings (e.g., FDA warnings and precautions or black
box warnings), natalizumab carries the highest risk (1 in 239
patients) (68, 69). Our clinical validity and population impact
results (Table 4, Figure 2), modeled for natalizumab with an
adverse event frequency of 1.3% (maximal risk reported by the
manufacturer, see Methods), show that at least a quarter of
PML cases could be prevented. Natalizumab is a highly effective
treatment for many MS patients and some would benefit from
its use as a first line therapy, such as those with aggressive or
early onset forms of the disease (21, 83-85). Furthermore, an MRI
surveillance study suggests that therapy duration is potentially
not a very effective risk stratification factor (8). Our PML risk test,

TABLE 5 | Suggested PML risk stratification guidelines if both the JCV antibody
and genetic risk tests are implemented.

JCV antibody test Genetic test Patient PML risk
Negative Negative Low

Negative Positive Moderate

Positive Negative Moderate

Positive Positive High

if administered along with the JCV antibody test, could enable
clinicians and patients to more confidently use natalizumab as
a first line therapy and for a longer duration in order to ward
oftf disability. Risk stratification guidelines for administration
of a JCV antibody test and a genetic risk test are proposed
in Table 5.

Limitations of our study include limited (AFR) or no sampling
of non-EUR ancestry PML cases and a small number of MS PML
cases (15/185 PML cases). In the combined set of 185 PML cases
(Table 1), 74% were EUR ancestry and 26% were AFR ancestry.
Under-representation of AFR PML cases is concerning, especially
with regard to MS since AFR ethnicity cases are reported to have
a more progressive form of the disease and there is a higher
incidence of MS in the US for African ancestry patients (86-88).
Our approach for identifying PML risk variants should also be
investigated in other ancestries (e.g., East Asian, South Asian, and
Latino). We think some of the most near-term beneficiaries of a
PML genetic risk test are MS patients considering natalizumab
treatment. Our study included only 15 cases with MS but the
clinical validity and population impact data of our PML risk
variants in the MS subgroup are encouraging (Table 4, Figure 2).
We are actively recruiting additional PML cases of any ancestry,
particularly those with MS as their primary disease, for a follow
up study.

CONCLUSION

Our discovery of 19 candidate PML risk variants in a large
cohort of 185 PML cases, if validated and implemented
in a genotyping test, would be a significant advance over
existing PML risk stratification practices (e.g., JCV antibody
test and assessment of prior immunosuppressant use). For
the first time, a proportion of very high risk patients—
those testing positive for both the JCV antibody and genetic
biomarker risk tests—could be advised to avoid higher PML
risk immunosuppressant drugs (e.g., natalizumab and rituximab)
and monitored more closely for neurological signs of PML.
Whereas, low risk patients (JCV-negative, genetic-negative)
may benefit from earlier and longer duration treatment
with high efficacy therapies, such as natalizumab in MS
patients. We predict that clinical adoption of a PML risk
genetic test will result in a substantially greater reduction
in new drug-linked PML cases compared to existing risk
stratification tests/methods.

Frontiers in Neurology | www.frontiersin.org

11

March 2020 | Volume 11 | Article 186


https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Eis et al.

Genetics of Progressive Multifocal Leukoencephalopathy

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation, to any
qualified researcher. Requests to access the datasets should be
directed to Eli Hatchwell (elihatchwell@populationbio.com).

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Beth Israel Deaconess Medical Center (PI Koralnik),
Icahn School of Medicine at Mount Sinai (BioMe Biobank),
NINDS/NIH (PI Major), Paris-Sud (PI Taoufik), and Vanderbilt
University (BioVU Biobank). The patients/participants provided
their written informed consent to participate in this study.

AUTHOR CONTRIBUTIONS

PE, YT, and EH: conception and design of the study. IK, BH, EM,
JG, BS, HH-C, and YT: provision of study materials and patients.

REFERENCES

1. Gheuens S, Wuthrich C, Koralnik IJ. Progressive
leukoencephalopathy: why gray and white matter. Annu Rev Pathol.
(2013) 8:189-215. doi: 10.1146/annurev-pathol-020712-164018

2. Grebenciucova E, Berger JR. Progressive multifocal leukoencephalopathy.
Neurol Clin. (2018) 36:739-50. doi: 10.1016/j.ncl.2018.06.002

3. Major EO, Yousry TA, Clifford DB. Pathogenesis of progressive multifocal
leukoencephalopathy and risks associated with treatments for multiple
sclerosis: a decade of lessons learned. Lancet Neurol. (2018) 17:467-80.
doi: 10.1016/S1474-4422(18)30040-1

4. Haley SA, Atwood WJ. Progressive multifocal leukoencephalopathy: endemic
viruses and lethal brain disease. Annu Rev Virol. (2017) 4:349-67.
doi: 10.1146/annurev-virology-101416-041439

5. Maas RP, Muller-Hansma AH, Esselink RA, Murk JL, Warnke C, Killestein J,
et al. Drug-associated progressive multifocal leukoencephalopathy: a clinical,
radiological, and cerebrospinal fluid analysis of 326 cases. ] Neurol. (2016)
263:2004-21. doi: 10.1007/s00415-016-8217-x

6. Blankenbach K, Schwab N, Hofner B, Adams O, Keller-Stanislawski
B, Warnke C. Natalizumab-associated  progressive  multifocal
leukoencephalopathy in  Germany. Neurology. (2019) 92:€2232-9.
doi: 10.1212/WNL.0000000000007451

7. Berger JR, Aksamit AJ, Clifford DB, Davis L, Koralnik IJ, Sejvar
JJ, et al. PML diagnostic criteria: consensus statement from the
AAN neuroinfectious disease section. Neurology. (2013) 80:1430-8.
doi: 10.1212/WNL.0b013e31828c2fal

8. Scarpazza C, Signori A, Prosperini L, Sormani MP, Cosottini M, Capra
R, et al. Early diagnosis of progressive multifocal leucoencephalopathy:
longitudinal lesion evolution. ] Neurol Neurosurg Psychiatry. (2019) 90:261-7.
doi: 10.1136/jnnp-2018-319208

9. Berger JR. Classifying PML risk with disease modifying therapies. Mult Scler

Relat Disord. (2017) 12:59-63. doi: 10.1016/j.msard.2017.01.006

Mills EA, Mao-Draayer Y. Understanding progressive

leukoencephalopathy risk in multiple sclerosis patients treated with

immunomodulatory therapies: a birds eye view. Front Immunol. (2018)

9:138. doi: 10.3389/fimmu.2018.00138

Carson KR, Focosi D, Major EO, Petrini M, Richey EA, West DP, et al.

Monoclonal antibody-associated progressive multifocal leucoencephalopathy

in patients treated with rituximab, natalizumab, and efalizumab: a Review

from the Research on Adverse Drug Events and Reports (RADAR) project.

Lancet Oncol. (2009) 10:816-24. doi: 10.1016/S1470-2045(09)70161-5

multifocal

10. multifocal

11.

PE, CB, TR, CC, and EH: data analysis and interpretation. PE
and EH: wrote the manuscript. All authors: revised/approved
the manuscript.

FUNDING

A portion of this work was supported by the National Institutes
of Health (R01 NS074995 and NS047029 to IK).

ACKNOWLEDGMENTS

We are grateful to the PML patients that participated in this study
and Edward B. Smith, III for bringing this high unmet need for
PML risk prediction to our attention.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fneur.
2020.00186/full#supplementary-material

. Henegar CE, Eudy AM, Kharat V, Hill DD, Bennett D, Haight B.
Progressive multifocal leukoencephalopathy in patients with systemic lupus
erythematosus: a systematic literature review. Lupus. (2016) 25:617-26.
doi: 10.1177/0961203315622819

. Berger JR, Malik V, Lacey S, Brunetta P, Lehane PB. Progressive multifocal
leukoencephalopathy in rituximab-treated rheumatic diseases: a rare event. J
Neurovirol. (2018) 24:323-31. doi: 10.1007/s13365-018-0615-7

. Focosi D, Tuccori M, Maggi F. Progressive multifocal leukoencephalopathy
and anti-CD20 monoclonal antibodies: what do we know after 20
years of rituximab. Rev Med Virol. (2019) 29:e2077. doi: 10.1002/rm
v.2077

. Pavlovic D, Patera AC, Nyberg E, Gerber M, Liu M, Progressive Multifocal
Leukeoncephalopathy C. Progressive multifocal leukoencephalopathy:
current treatment options and future perspectives. Ther Adv Neurol Disord.
(2015) 8:255-73. doi: 10.1177/1756285615602832

. Williamson EML, Berger JR. Diagnosis and treatment of progressive
multifocal leukoencephalopathy associated with multiple sclerosis therapies.
Neurotherapeutics. (2017) 14:961-73. doi: 10.1007/s13311-017-0570-7

. Lee P, Plavina T, Castro A, Berman M, Jaiswal D, Rivas S, et al. A
second-generation ELISA (STRATIFY JCV DxSelect) for detection of JC
virus antibodies in human serum and plasma to support progressive
multifocal leukoencephalopathy risk stratification. J Clin Virol. (2013) 57:141-
6. doi: 10.1016/j.jcv.2013.02.002

. Bozic C, Subramanyam M, Richman S, Plavina T, Zhang A, Ticho B. Anti-JC
virus (JCV) antibody prevalence in the JCV Epidemiology in MS (JEMS) trial.
Eur J Neurol. (2014) 21:299-304. doi: 10.1111/ene.12304

. Schwab N, Schneider-Hohendorf T, Melzer N, Cutter G, Wiendl H.
Natalizumab-associated PML: challenges with incidence, resulting
risk, and risk  stratification.  Neurology.  (2017)  88:1197-205.
doi: 10.1212/WNL.0000000000003739

. Schwab N, Schneider-Hohendorf T, Hoyt T, Gross CC, Meuth SG, Klotz L,

et al. Anti-JCV serology during natalizumab treatment: review and meta-

analysis of 17 independent patient cohorts analyzing anti-John Cunningham
polyoma virus sero-conversion rates under natalizumab treatment and
differences between technical and biological sero-converters. Mult Scler.

(2018) 24:563-73. doi: 10.1177/1352458517728814

Brandstadter R, Katz Sand I. The use of natalizumab for multiple sclerosis.

Neuropsychiatr Dis Treat. (2017) 13:1691-702. doi: 10.2147/NDT.S114636

Clerico M, Artusi CA, Liberto AD, Rolla S, Bardina V, Barbero P, et al.

Natalizumab in multiple sclerosis: long-term management. Int J Mol Sci.

(2017) 18:940. doi: 10.3390/ijms18050940

21.

22.

Frontiers in Neurology | www.frontiersin.org

12

March 2020 | Volume 11 | Article 186


mailto:elihatchwell@populationbio.com
https://www.frontiersin.org/articles/10.3389/fneur.2020.00186/full#supplementary-material
https://doi.org/10.1146/annurev-pathol-020712-164018
https://doi.org/10.1016/j.ncl.2018.06.002
https://doi.org/10.1016/S1474-4422(18)30040-1
https://doi.org/10.1146/annurev-virology-101416-041439
https://doi.org/10.1007/s00415-016-8217-x
https://doi.org/10.1212/WNL.0000000000007451
https://doi.org/10.1212/WNL.0b013e31828c2fa1
https://doi.org/10.1136/jnnp-2018-319208
https://doi.org/10.1016/j.msard.2017.01.006
https://doi.org/10.3389/fimmu.2018.00138
https://doi.org/10.1016/S1470-2045(09)70161-5
https://doi.org/10.1177/0961203315622819
https://doi.org/10.1007/s13365-018-0615-7
https://doi.org/10.1002/rmv.2077
https://doi.org/10.1177/1756285615602832
https://doi.org/10.1007/s13311-017-0570-7
https://doi.org/10.1016/j.jcv.2013.02.002
https://doi.org/10.1111/ene.12304
https://doi.org/10.1212/WNL.0000000000003739
https://doi.org/10.1177/1352458517728814
https://doi.org/10.2147/NDT.S114636
https://doi.org/10.3390/ijms18050940
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Eis et al.

Genetics of Progressive Multifocal Leukoencephalopathy

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Hatchwell E. Is there a (host) genetic predisposition to progressive
multifocal ~ leukoencephalopathy?  Front  Immunol.  (2015)  6:216.
doi: 10.3389/fimmu.2015.00216

Dhalla F Murray S, Sadler R, Chaigne-Delalande B, Sadaoka T, Soilleux
E, et al. Identification of a novel mutation in MAGTI1 and progressive
multifocal leucoencephalopathy in a 58-year-old man with XMEN disease. |
Clin Immunol. (2015) 35:112-8. doi: 10.1007/s10875-014-0116-2

Maffucci P, Filion CA, Boisson B, Itan Y, Shang L, Casanova
JL, et al. Genetic diagnosis using whole exome sequencing in
common variable immunodeficiency. Front Immunol. (2016) 7:220.
doi: 10.3389/fimmu.2016.00220

Zerbe CS, Marciano BE, Katial RK, Santos CB, Adamo N, Hsu AP, et al.
Progressive multifocal leukoencephalopathy in primary immune deficiencies:
Statl gain of function and review of the literature. Clin Infect Dis. (2016)
62:986-94. doi: 10.1093/cid/civ1220

Schroder C, Baerlecken NT, Pannicke U, Dérk T, Witte T, Jacobs R, et al.
Evaluation of RAG1 mutations in an adult with combined immunodeficiency
and progressive multifocal leukoencephalopathy. Clin Immunol. (2017)
179:1-7. doi: 10.1016/j.clim.2016.12.013

Hadjadj ], Guffroy A, Delavaud C, Taieb G, Meyts I, Fresard A, et al.
Progressive multifocal leukoencephalopathy in primary immunodeficiencies.
J Clin Immunol. (2019) 39:55-64. doi: 10.1007/s10875-018-0578-8

Bousfiha A, Jeddane L, Picard C, Ailal F, Bobby Gaspar H, Al-Herz W, et al.
The 2017 IUIS phenotypic classification for primary immunodeficiencies. |
Clin Immunol. (2018) 38:129-43. doi: 10.1007/s10875-017-0465-8

Picard C, Bobby Gaspar H, Al-Herz W, Bousfiha A, Casanova JL, Chatila
T, et al. International union of immunological societies: 2017 primary
immunodeficiency diseases committee report on inborn errors of immunity. J
Clin Immunol. (2018) 38:96-128. doi: 10.1007/s10875-017-0464-9
Day-Williams AG, Sun C, Jelcic I, McLaughlin H, Harris T, Martin R,
et al. Whole genome sequencing reveals a chromosome 9p deletion causing
DOCKS deficiency in an adult diagnosed with hyper IgE syndrome who
developed progressive multifocal leukoencephalopathy. ] Clin Immunol.
(2015) 35:92-6. doi: 10.1007/s10875-014-0114-4

Sampaio EP, Hsu AP, Pechacek J, Bax HI, Dias DL, Paulson ML, et al.
Signal transducer and activator of transcription 1 (STAT1) gain-of-function
mutations and disseminated coccidioidomycosis and histoplasmosis. ] Allergy
Clin Immunol. (2013) 131:1624-34. doi: 10.1016/j.jaci.2013.01.052

van der Kolk NM, Arts P, van Uden IW, Hoischen A, van de Veerdonk
FL, Netea MG, et al. Progressive multifocal leukoencephalopathy in an
immunocompetent patient. Ann Clin Transl Neurol. (2016) 3:226-32.
doi: 10.1002/acn3.279

Zhang SY, Jouanguy E, Ugolini S, Smahi A, Elain G, Romero P, et al.
TLR3 deficiency in patients with herpes simplex encephalitis. Science. (2007)
317:1522-7. doi: 10.1126/science.1139522

Kenney AD, Dowdle JA, Bozzacco L, McMichael TM, St Gelais C, Panfil AR,
et al. Human genetic determinants of viral diseases. Annu Rev Genet. (2017)
51:241-63. doi: 10.1146/annurev-genet-120116-023425

Zhang SY, Jouanguy E, Zhang Q, Abel L, Puel A, Casanova JL. Human inborn
errors of immunity to infection affecting cells other than leukocytes: from
the immune system to the whole organism. Curr Opin Immunol. (2019)
59:88-100. doi: 10.1016/j.c0i.2019.03.008

Konrad KJ, Francioli LC, Grace T, Cummings BB, Alféldi J, Wang Q, et al.
Variation across 141,456 human exomes and genomes reveals the spectrum
of loss-of-function intolerance across human protein-coding genes. bioRxiv
[Preprint]. (2019). doi: 10.1101/531210

Auton A, Abecasis GR, Altshuler DM, Durbin RM, Bentley DR, Chakravarti
A, et al. A global reference for human genetic variation. Nature. (2015)
526:68-74. doi: 10.1038/nature15393

Poplin R, Chang PC, Alexander D, Schwartz S, Colthurst T, Ku A, et al. A
universal SNP and small-indel variant caller using deep neural networks. Nat
Biotechnol. (2018) 36:983-7. doi: 10.1038/nbt.4235
Li H, Durbin R. Fast and accurate short
Burrows-Wheeler  transform.  Bioinformatics.
doi: 10.1093/bioinformatics/btp324

Li H, Handsaker B, Wysoker A, Fennell T, Ruan ], Homer N, et al.
The sequence alignment/map format and SAMtools. Bioinformatics. (2009)
25:2078-9. doi: 10.1093/bioinformatics/btp352

read alignment with
(2009)  25:1754-60.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Liu X, Wu C, Li C, Boerwinkle E. dbNSFP v3.0: a one-stop database
of functional predictions and annotations for human nonsynonymous
and splice-site SNVs. Hum Mutat. (2016) 37:235-41. doi: 10.1002/humu.
22932

Landrum M]J, Lee JM, Benson M, Brown GR, Chao C, Chitipiralla S, et al.
ClinVar: improving access to variant interpretations and supporting evidence.
Nucleic Acids Res. (2018) 46:D1062-7. doi: 10.1093/nar/gkx1153

Durandy A, Kracker S, Fischer A. Primary antibody deficiencies. Nat Rev
Immunol. (2013) 13:519-33. doi: 10.1038/nri3466

Milner JD, Holland SM. The cup runneth over: lessons from the ever-
expanding pool of primary immunodeficiency diseases. Nat Rev Immunol.
(2013) 13:635-48. doi: 10.1038/nri3493

Chinn  IK, WT.
disorders. Immunol Allergy Clin
doi: 10.1016/j.iac.2015.07.002

Paciolla M, Pescatore A, Conte MI, Esposito E, Incoronato M, Lioi
MB, et al. Rare mendelian primary immunodeficiency diseases associated
with impaired NF-kappaB signaling. Genes Immun. (2015) 16:239-46.
doi: 10.1038/gene.2015.3

Navabi B, Upton JE. Primary
with eosinophilia. ~Allergy ~ Asthma
doi: 10.1186/s13223-016-0130-4

de Valles-Ibanez G, Esteve-Sole A, Piquer M, Gonzalez-Navarro EA,
Hernandez-Rodriguez J, Laayouni H, et al. Evaluating the genetics of common
variable immunodeficiency: monogenetic model and beyond. Front Immunol.
(2018) 9:636. doi: 10.3389/fimmu.2018.00636

Abolhassani H, Aghamohammadi A, Fang M, Rezaei N, Jiang C, Liu X,
et al. Clinical implications of systematic phenotyping and exome sequencing
in patients with primary antibody deficiency. Genet Med. (2019) 21:243-51.
doi: 10.1038/s41436-018-0012-x

Crow Y], Manel N. Aicardi-Goutieres syndrome and the type I
interferonopathies. Nat Rev Immunol. (2015) 15:429-40. doi: 10.1038/nri3850
Chen Q, Sun L, Chen ZJ. Regulation and function of the ¢cGAS-STING
pathway of cytosolic DNA sensing. Nat Immunol. (2016) 17:1142-9.
doi: 10.1038/ni.3558

Rodero MP, Crow YJ. Type 1 interferon-mediated monogenic
autoinflammation: the type I interferonopathies, a conceptual overview.
J Exp Med. (2016) 213:2527-38. doi: 10.1084/jem.20161596

Volpi S, Picco P, Caorsi R, Candotti F, Gattorno M. Type I interferonopathies
in pediatric rheumatology. Pediatr Rheumatol Online ]. (2016) 14:35.
doi: 10.1186/s12969-016-0094-4

Quicke KM, Diamond MS, Suthar MS. Negative regulators of the RIG-
I-like receptor signaling pathway. Eur ] Immunol. (2017) 47:615-28.
doi: 10.1002/eji.201646484

Rodero MP, Tesser A, Bartok E, Rice GI, Della Mina E, Depp M, et al.
Type Iinterferon-mediated autoinflammation due to DNase II deficiency. Nat
Commun. (2017) 8:2176. doi: 10.1038/s41467-017-01932-3

Papayannopoulos V. Neutrophil extracellular traps in immunity and disease.
Nat Rev Immunol. (2018) 18:134-47. doi: 10.1038/nri.2017.105
Weisenburger T, von Neubeck B, Schneider A, Ebert N, Schreyer D, Acs A,
et al. Epistatic interactions between mutations of deoxyribonuclease 1-like 3
and the inhibitory Fc gamma receptor IIB result in very early and massive
autoantibodies against double-stranded DNA. Front Immunol. (2018) 9:1551.
doi: 10.3389/fimmu.2018.01551

Mayilyan KR. Complement genetics, deficiencies, and disease associations.
Protein Cell. (2012) 3:487-96. doi: 10.1007/s13238-012-2924-6

Darbinyan A, Kaminski R, White MK, Darbinian-Sarkissian N, Khalili
K. Polyomavirus JC infection inhibits differentiation of oligodendrocyte
progenitor cells. ] Neurosci Res. (2013) 91:116-27. doi: 10.1002/jnr.23135
White MK, Kaminski R, Khalili K, Wollebo HS. Rad51 activates
polyomavirus JC early transcription. PLoS ONE. (2014) 9:e110122.
doi: 10.1371/journal.pone.0110122

Assetta B, De Cecco M, O’Hara B, Atwood WJ. JC polyomavirus infection of
primary human renal epithelial cells is controlled by a type I IFN-induced
response. mBio. (2016) 7:¢00903-16. doi: 10.1128/mBi0.00903-16

Wollebo HS, Bellizzi A, Cossari DH, Salkind J, Safak M, White MK. The Brd4
acetyllysine-binding protein is involved in activation of polyomavirus JC. J
Neurovirol. (2016) 22:615-25. doi: 10.1007/s13365-016-0435-6

Severe  combined
North  Am.

Shearer immunodeficiency

(2015)  35:671-94.

immunodeficiencies  associated
Clin  Immunol. (2016) 12:27.

Frontiers in Neurology | www.frontiersin.org

March 2020 | Volume 11 | Article 186


https://doi.org/10.3389/fimmu.2015.00216
https://doi.org/10.1007/s10875-014-0116-2
https://doi.org/10.3389/fimmu.2016.00220
https://doi.org/10.1093/cid/civ1220
https://doi.org/10.1016/j.clim.2016.12.013
https://doi.org/10.1007/s10875-018-0578-8
https://doi.org/10.1007/s10875-017-0465-8
https://doi.org/10.1007/s10875-017-0464-9
https://doi.org/10.1007/s10875-014-0114-4
https://doi.org/10.1016/j.jaci.2013.01.052
https://doi.org/10.1002/acn3.279
https://doi.org/10.1126/science.1139522
https://doi.org/10.1146/annurev-genet-120116-023425
https://doi.org/10.1016/j.coi.2019.03.008
https://doi.org/10.1101/531210
https://doi.org/10.1038/nature15393
https://doi.org/10.1038/nbt.4235
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1002/humu.22932
https://doi.org/10.1093/nar/gkx1153
https://doi.org/10.1038/nri3466
https://doi.org/10.1038/nri3493
https://doi.org/10.1016/j.iac.2015.07.002
https://doi.org/10.1038/gene.2015.3
https://doi.org/10.1186/s13223-016-0130-4
https://doi.org/10.3389/fimmu.2018.00636
https://doi.org/10.1038/s41436-018-0012-x
https://doi.org/10.1038/nri3850
https://doi.org/10.1038/ni.3558
https://doi.org/10.1084/jem.20161596
https://doi.org/10.1186/s12969-016-0094-4
https://doi.org/10.1002/eji.201646484
https://doi.org/10.1038/s41467-017-01932-3
https://doi.org/10.1038/nri.2017.105
https://doi.org/10.3389/fimmu.2018.01551
https://doi.org/10.1007/s13238-012-2924-6
https://doi.org/10.1002/jnr.23135
https://doi.org/10.1371/journal.pone.0110122
https://doi.org/10.1128/mBio.00903-16
https://doi.org/10.1007/s13365-016-0435-6
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Eis et al.

Genetics of Progressive Multifocal Leukoencephalopathy

64.

65.

66.

Fissolo N, Pignolet B, Matute-Blanch C, Trivino JC, Miro B, Mota M, et al.
Matrix metalloproteinase 9 is decreased in natalizumab-treated multiple
sclerosis patients at risk for progressive multifocal leukoencephalopathy. Ann
Neurol. (2017) 82:186-95. doi: 10.1002/ana.24987

Tonk ECM, Gurwitz D, Maitland-van der Zee AH, Janssens A. Assessment of
pharmacogenetic tests: presenting measures of clinical validity and potential
population impact in association studies. Pharmacogenomics J. (2017) 17:386-
92. doi: 10.1038/tpj.2016.34

O’Connor P, Goodman A, Kappos L, Lublin E Polman C, Rudick

79.

80.

and influence of natalizumab extended intervals. Neurology. (2019) 93:550-4.
doi: 10.1212/WNL.0000000000008135

Gheuens S, Pierone G, Peeters P, Koralnik IJ. Progressive multifocal
leukoencephalopathy with
immunosuppression. ] Neurol Neurosurg Psychiatry. (2010) 81:247-54.
doi: 10.1136/jnnp.2009.187666

Clifford DB, Berger T. Progressive multifocal leukoencephalopathy:
are  you aware of it? Neurology. (2018) 90:255-6.
doi: 10.1212/WNL.0000000000004935

in  individuals minimal or  occult

RA, et al. Long-term safety and effectiveness of natalizumab redosing 81. Tacobaeus E, Burkill S, Bahmanyar S, Hakim R, Bystrom C, Fored M, et al.
and treatment in the STRATA MS study. Neurology. (2014) 83:78-86. The national incidence of PML in Sweden, 1988-2013. Neurology. (2018)
doi: 10.1212/WNL.0000000000000541 90:e498-e506. doi: 10.1212/WNL.0000000000004926
67. Sakaeda T, Tamon A, Kadoyama K, Okuno Y. Data mining of the public 82. Anand P, Hotan GC, Vogel A, Venna N, Mateen F]. Progressive
version of the FDA adverse event reporting system. Int ] Med Sci. (2013) multifocal ~ leukoencephalopathy: a  25-year retrospective  cohort
10:796-803. doi: 10.7150/ijms.6048 study.  Neurol = Neuroimmunol  Neuroinflamm.  (2019)  6:¢618.
68. Ho PR, Koendgen H, Campbell N, Haddock B, Richman S, Chang I. Risk doi: 10.1212/NXI.0000000000000618
of natalizumab-associated progressive multifocal leukoencephalopathy 83. Spelman T, Kalincik T, Jokubaitis V, Zhang A, Pellegrini F, Wiendl
in patients with multiple sclerosis: a retrospective analysis of H, et al. Comparative efficacy of first-line natalizumab vs IFN-beta or
data from four clinical studies. Lancet Neurol. (2017) 16:925-33. glatiramer acetate in relapsing MS. Neurol Clin Pract. (2016) 6:102-15.
doi: 10.1016/51474-4422(17)30282-X doi: 10.1212/CPJ.0000000000000227
69. Campagnolo D, Dong Q, Lee L, Ho PR, Amarante D, Koendgen H. Statistical 84. Macaron G, Feng J, Moodley M, Rensel M. Newer treatment approaches in
analysis of PML incidences of natalizumab-treated patients from 2009 to 2016: pediatric-onset multiple sclerosis. Curr Treat Options Neurol. (2019) 21:50.
outcomes after introduction of the Stratify JCV(R) DxSelect antibody assay. J doi: 10.1007/s11940-019-0592-z
Neurovirol. (2016) 22:880-1. doi: 10.1007/s13365-016-0482-z 85. Margoni M, Rinaldi E Riccardi A, Franciotta S, Perini P, Gallo P. No evidence
70. Borchardt ], Berger JR. Re-evaluating the incidence of natalizumab-associated of disease activity including cognition (NEDA-3 plus) in naive pediatric
progressive multifocal leukoencephalopathy. Mult Scler Relat Disord. (2016) multiple sclerosis patients treated with natalizumab. ] Neurol. (2020) 267:100-
8:145-50. doi: 10.1016/j.msard.2016.03.005 5. doi: 10.1007/s00415-019-09554-z
71. Guo MH, Dauber A, Lippincott ME, Chan YM, Salem RM, Hirschhorn 86. Khan O, Williams M]J, Amezcua L, Javed A, Larsen KE, Smrtka
JN. Determinants of power in gene-based burden testing for monogenic JM. Multiple sclerosis in US minority populations: clinical practice
disorders. Am ] Hum Genet. (2016) 99:527-39. doi: 10.1016/j.ajhg.2016.06.031 insights. Neurol Clin Pract. (2015) 5:132-42. doi: 10.1212/CPJ.00000000000
72. Niroula A, Vihinen M. How good are pathogenicity predictors in 00112
detecting benign variants? PLoS Comput Biol. (2019) 15:e1006481. 87. Rivas-Rodriguez E, Amezcua L. Ethnic considerations and multiple sclerosis
doi: 10.1371/journal.pcbi.1006481 disease variability in the United States. Neurol Clin. (2018) 36:151-62.
73. Trojano M, Tintore M, Montalban X, Hillert J, Kalincik T, Iaffaldano doi: 10.1016/j.ncl.2017.08.007
P, et al. Treatment decisions in multiple sclerosis - insights from 88. Cipriani VP, Klein S. Clinical characteristics of multiple sclerosis
real-world observational studies. Nat Rev Neurol. (2017) 13:105-18. in African-Americans. Curr Neurol Neurosci Rep. (2019) 19:87.
doi: 10.1038/nrneurol.2016.188 doi: 10.1007/s11910-019-1000-5
74. Dong-Si T, Gheuens S, Gangadharan A, Wenten M, Philip ], McIninch J, et al.
Predictors of survival and functional outcomes in natalizumab-associated Conflict of Interest: CB and CC are employees of Emerald Lake Safety LLC. EH
progressive multifocal leukoencephalopathy. J Neurovirol. (2015) 21:637-44. (UK) and PE (USA) are employees of Population Bio, Inc.
doi: 10.1007/s13365-015-0316-4
75. Hazell L, Shakir SA. Under-reporting of adverse drug reactions: a systematic The remaining authors declare that the research was conducted in the absence of
review. Drug Saf. (2006) 29:385-96. doi: 10.2165/00002018-200629050-00003 any commercial or financial relationships that could be construed as a potential
76. Alatawi YM, Hansen RA. Empirical estimation of under-reporting in the U.S. conflict of interest.
Food and Drug Administration Adverse Event Reporting System (FAERS).
Expert Opin Drug Saf. (2017) 16:761-7. doi: 10.1080/14740338.2017.1323867 Copyright © 2020 Eis, Bruno, Richmond, Koralnik, Hanson, Major, Chow, Hendel-
77. McGuigan C, Craner M, Guadagno J, Kapoor R, Mazibrada G, Molyneux Chavez, Stankoff, Gasnault, Taoufik and Hatchwell. This is an open-access article
P, et al. Stratification and monitoring of natalizumab-associated distributed under the terms of the Creative Commons Attribution License (CC BY).
progressive multifocal leukoencephalopathy risk: recommendations The use, distribution or reproduction in other forums is permitted, provided the
from an expert group. J Neurol Neurosurg Psychiatry. (2016) 87:117-25. original author(s) and the copyright owner(s) are credited and that the original
doi: 10.1136/jnnp-2015-311100 publication in this journal is cited, in accordance with accepted academic practice.
78. Schwab N, Schneider-Hohendorf T, Pignolet B, Bucciarelli E Scandella L, No use, distribution or reproduction is permitted which does not comply with these
Ciron J, et al. Prospective validation of the PML risk biomarkerl-selectin terms.
Frontiers in Neurology | www.frontiersin.org 14 March 2020 | Volume 11 | Article 186


https://doi.org/10.1002/ana.24987
https://doi.org/10.1038/tpj.2016.34
https://doi.org/10.1212/WNL.0000000000000541
https://doi.org/10.7150/ijms.6048
https://doi.org/10.1016/S1474-4422(17)30282-X
https://doi.org/10.1007/s13365-016-0482-z
https://doi.org/10.1016/j.msard.2016.03.005
https://doi.org/10.1016/j.ajhg.2016.06.031
https://doi.org/10.1371/journal.pcbi.1006481
https://doi.org/10.1038/nrneurol.2016.188
https://doi.org/10.1007/s13365-015-0316-4
https://doi.org/10.2165/00002018-200629050-00003
https://doi.org/10.1080/14740338.2017.1323867
https://doi.org/10.1136/jnnp-2015-311100
https://doi.org/10.1212/WNL.0000000000008135
https://doi.org/10.1136/jnnp.2009.187666
https://doi.org/10.1212/WNL.0000000000004935
https://doi.org/10.1212/WNL.0000000000004926
https://doi.org/10.1212/NXI.0000000000000618
https://doi.org/10.1212/CPJ.0000000000000227
https://doi.org/10.1007/s11940-019-0592-z
https://doi.org/10.1007/s00415-019-09554-z
https://doi.org/10.1212/CPJ.0000000000000112
https://doi.org/10.1016/j.ncl.2017.08.007
https://doi.org/10.1007/s11910-019-1000-5
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

	Germline Genetic Risk Variants for Progressive Multifocal Leukoencephalopathy
	Introduction
	Methods
	PML Cases Reported in the FDA Adverse Event Reporting System (FAERS)
	PML Cases
	Control Subjects
	Whole Exome Sequencing
	Immune Function Genes
	Statistical Analyses
	Variant Burden Analyses
	Functional Impact and Immune Dysfunction Biology for Top Variants
	Diagnostic Yield, Clinical Validity, and Population Impact Analyses

	Results
	Highest Number of Drug-Linked PML Cases Are Reported for Natalizumab and Rituximab
	Assembly of Two Large PML Cohorts to Identify Germline Genetic Risk Variants
	Evidence of Underlying Immunodeficiency Disorders in PML Cases
	Rare, Deleterious Variants in Immune Function Genes Identified in Both PML Cohorts
	PML-Linked Variants Have Cumulative Diagnostic Yields of 30–50% and Are Distributed Across Primary Diseases
	PML Cases Can Be Prevented With a Germline Genetic Risk Test

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


