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Abstract: Progressive Multifocal Leukoencephalopathy (PML) is a demyelinating disease occur-
ring in advanced HIV infection, caused by the reactivation of poliomavirus JC (JCV). The use of
pembrolizumab for treatment is based on the inhibition of programmed cell death protein 1 (PD-1),
potentially improving the anti JCV-specific response. We used pembrolizumab with combined
antiretroviral treatment (cART) on a compassionate-use basis. At each administration, clinical evalua-
tion, MRI and laboratory testing, including CD3, CD4, CD8, PD-1 markers, HIV-RNA and JCV-DNA
in cerebrospinal fluid (CSF)/plasma pairs, were performed. The JCV-specific T cell response was
analysed by Elispot assay. This study included five HIV patients: four male, median age 43 years
(29–52), median CD4 and CD8 count 150 (15–158) and 973 (354–1250) cell/mm3, respectively; median
JCV-DNA and HIV-RNA in CSF/plasma pairs 9.540/1.503 cps/mL and 2.230/619 cp/mL, respec-
tively. Overall, patients received between two and seven doses of pembrolizumab. After treatment,
we observed JCV-DNA reduction and PD-1 down-regulation both in CSF and in plasma (high in
circulating CD4 and CD8 at baseline), which remained stable at low levels in all patients. Three out
of five patients showed stability of clinical picture and neuroimaging, while two others died. More
data are needed in order to identify predictors of response to therapy.

Keywords: PML; advanced HIV-1; opportunistic infection; pembrolizumab; PD-1; JCV

1. Introduction

Progressive Multifocal Leukoencephalopathy (PML) is a severe demyelinating disease
caused by the reactivation of poliomavirus JC (JCV) mainly occurring in immunosuppres-
sive conditions, including HIV infection [1]. The mechanisms by which JCV reactivates
and damages the brain parenchyma are currently poorly understood [2]; indeed, both
viral and host immunological factors are involved in the pathogenesis of neuronal damage,
as the JCV reactivation appears to be more common in patients with CD4 + T cell deple-
tion [3]. Among persons living with HIV (PLWH), the prevalence of PML over time has
gradually decreased, suggesting that the immunity restoration induced by an effective
combined antiretroviral treatment (cART) is a possible treatment strategy [4,5], in absence
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of specific anti-JCV therapy. Nevertheless, PML remains a disease burdened by very high
morbidity and mortality even in the cART era [6]. The clinical presentation depends on
the localization, the extent of demyelination and the rapidity of progression leading to a
wide spectrum of severe associated signs and symptoms, including impaired behaviour
and cognitive disorders, motor and language deficits, hemianopsia and seizures [7]. The
prognosis is poor in most cases, with a 1-year mortality rate of around 30% [8]. Therefore,
in recent years, new strategies have been proposed, with the aim of enhancing the specific
anti-JCV immune response [9]. Among these new approaches, promising results derive
from recent experiences in the use of immune checkpoint-blocking antibodies, including
pembrolizumab [10]. Pembrolizumab (PEM) is a monoclonal antibody that inhibits the
programmed cell death protein 1 (PD-1), currently approved for the treatment of some
cancers. PD-1 expression, a negative immune regulator expressed on activated T cells, is
upregulated on CD4+ and CD8+ cells of patients with PML, particularly on JC virus-specific
CD8+ T cells [11]. The rationale of its use for treatment of PML is that the inhibition of PD-1
could be potentially associated with better anti JCV-specific response, with consequent JCV
clearance and neurological improvement. The aims of our study were to explore JCV-DNA
quantitative reduction, PD-1 downregulation and enhanced JCV-specific T cell response
after pembrolizumab in people with HIV infection.

2. Materials and Methods

We included five HIV-positive subjects with a diagnosis of confirmed PML admitted
to the National Institute for Infectious Diseases L. Spallanzani IRCCS in Rome between
1 November 2019 and 15 September 2020. We considered all consecutive HIV-infected
patients and contextually ascertained the diagnosis of PML with a high expression of the
PD-1 exhaustion marker before treatment. A manual collection review of the medical
record was performed, and a clinician-reviewer recorded demographic data and all the
clinical data. We employed the Karnofsky performance status scale (KS) to assess patients’
functional impairment (see Table 1). The drug was given on a compassionate-use basis
approved by our local Ethics Committee, and all patients provided written informed con-
sent for the administration and for using their data for research purposes (Study Project
RetroSNC Ethical approval n.78/2016, 14 June 2016). We used pembrolizumab at a dosage
of 2 mg/kg administered intravenously every 4 weeks with cART for treatment of PML.
All patients received at least two doses, with a maximum of seven doses. At each pem-
brolizumab administration, clinical evaluation and magnetic resonance imaging (MRI)
with gadolinium-based contrast material were performed; the images of all the patients
were assessed, reported and interpreted by one and the same neuroradiologist. Laboratory
testing included blood count, blood chemistry tests and immunophenotyping (CD3, CD4,
CD8, PD-1 markers) in blood and CSF by flow cytometry. Briefly, whole blood was stained
with a cocktail of monoclonal antibodies (specific for the markers described above) for
20 min at 4 ◦C, then lysed and fixed (lysis buffer, Beckton Dickinson, Firenze, Italy). After
fixation, cells were washed and acquired by flow cytometry (Lyric cytometer, BD). Data
analysis was performed by BD FACSSuite (v.1.4). Cellular immune response was evaluated
by quantifying JCV-specific T cells (specific for VP1 and LT1 JCV proteins) by Elispot assay
(Elitech, Berlin, Germany). As a positive control (the evaluation of the immunocompetence),
peripheral blood mononuclear cells (PBMCs) were stimulated with phytohemagglutinin
(PHA). As a negative control (spontaneous interferon (IFN)-γ release), PBMCs were main-
tained in a culture medium without specific stimulation. HIV-1 RNA was quantified with
the Aptima® HIV-1 Quant Dx assay (Hologic, Inc., San Diego, CA, USA), a totally auto-
mated procedure based on real-time TMA (transcription mediated amplification), that
utilises a multiplex reaction to amplify, simultaneously and independently, two highly
conserved regions of the HIV-1 genome (pol and LTR). The Low Limit of Quantification
(LLoQ) of HIV-1 RNA is 30 copies/mL; the Low Limit of Detection (LLoD) of JCV-DNA is
12 copies/mL. JCV-DNA was detected by an in-house RealTime PCR (LightCycler, Roche
Diagnostics, Mannheim, Germany), and the targeting of VP1 and JCV load (cps/mL) was
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executed by using a standard reference curve, with an LoD of 150 cps/mL. This study was
supported by Ricerca Corrente Linea 2, Progetto 3 and funded by the Italian Ministry of
Health in order to perform immunological tests.

Table 1. Characteristics, cART history, viro-immunological assessment before and after pem-
brolizumab treatment, neurological signs/symptoms and outcomes of patients.

Patients’
Characteristics

Pt 1: M, 52 years old,
MSM

CDC-C3 (Kaposi’s
Sarcoma)

Previously: R-CHOP
for Castelman
Disease (2014),

ABVD for Hodgkin
Lymphoma (2019)

KS 80

Pt 2: F, 46 years old,
IDU

CDC-B3 at diagnosis
of HIV

Previously: HCV-Ab,
arterial hypertension,

thyreopathy,
psychosis

KS 50

Pt3: M, 36 years old,
MSM

CDC-C3 at diagnosis
of HIV (PCP)

No other
comorbidities

KS 70

Pt 4: M, 43 years old,
MSM

CDC-A2 (PHI)
Previously: syphilis

KS 60

Pt 5: M, 30 years old,
MSM

CDC-C3 (PML)
Previously: gastritis

KS 50

cART
History

2012 to 2016
FTC/TDF/EFV→FTC/

TDF/RPV
Off therapy until

2019
At T0:

FTC/TDF/DTC

Off therapy
At T0:

FTC/TDF/DTG

Off therapy
At T0: BIC/F/TAF

From 2012 to 2016
FTC/TDF/DRV/r→
FTC/TDF/DRV/c→

E/c/FTC/TAF
Off therapy since 2016

At T0 (2020):
FTC/TAF/DRV/c+DTG

Start 1 month before
PML diagnosis with

FTC/TAF/BIC+DRV/c

Viro-
Immunological

Assessment

At T0: CD4 T
282 cells/mmc

(15.6%)
HIV RNA

<30 cps/mL
CSF JCV DNA

262,800 cps/mL
At T7: CD4 T

264 cells/mmc (13%)
HIV RNA

<30 cps/mL
CSF JCV DNA

20 cps/mL

At T0: CD4 T
158 cells/mmc

(11.2%)
HIV RNA

5,950,845 cps/mL
CSF JCV DNA
9540 cps/mL
At T5: CD4 T

276 cells/mmc
(17.5%)

HIV RNA
<30 cps/mL

CSF JCV DNA
33 cps/mL

At T0: CD4 T
89 cells/mmc (6.8%)

HIV RNA
619 cps/mL

CSF JCV DNA
183 cps/mL

At T5: CD4 T
55 cells/mmc (6%)

HIV RNA
<30 cps/mL

CSF JCV DNA
43 cps/mL

At T0: CD4 T
64 cells/mmc (13.2%)

HIV RNA
28,344 cps/mL
CSF JCV DNA

338,910 cps/mL
At T2: CD4 T 75

cells/mmc (11.5%),
HIV RNA <30 cps/mL

CSF JCV DNA
10 cps/mL

At T0: CD4 T
15 cells/mmc (2.2%),

HIV RNA 351 cps/mL
CSF JCV DNA
14,430 cps/mL
At T2: CD4 T

35 cells/mmc (4.5%)
HIV RNA 170 cps/mL

CSF JCV DNA
33 cps/mL

Neurological
Signs/

Symptoms

Left hemianopia and
loss of vision

Ataxia, loss of vision,
left dysmetria and

psychosis

Aphasia, confusion
and comitial crisis

Aphasia and
faciobrachial crural

hemiparesis

Cognitive impairment,
behavioral

disturbances,
progressive

facio-brachial-crural
hemiparesis, aphasia

Clinical
Outcomes

Clinical and
radiological

improvement

Lack of evolution
Clinical and

radiological stability

Clinical and
radiological

improvement
Death due to sepsis Death due to sepsis

3. Results
3.1. Clinical Characteristics of Patients

The main characteristics of the five HIV-positive patients included are summarized in
Table 1. Briefly, they were four males and one female, with a median age of 43 years old (IQR,
29–52) and a median CD4 and CD8 count of 150 (15–158) and 973 (354–1250) cell/mm3, respec-
tively; the median JCV-DNA and HIV-RNA in CSF/plasma pairs were 9540/1503 cps/mL
and 2230/619 cp/mL, respectively. At the end of each course of treatment with pem-
brolizumab, 3 out of 5 patients showed a clinical stability with a progressive reduction in
the size of the cerebral lesions on MRI (patient 1, patient 2 and patient 3), but two others
died (patient 4 and patient 5). The degree of the clinical disability following PML varied,
and the most common deficits observed were visual impairment or hemianopsia, facio-
brachial-crural hemiparesis, ataxia, aphasia and cognitive dysfunction, typically associated
with psychosis and seizures in two cases. All patients undertook mirtazapine therapy upon
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the diagnosis of PML. We did not observe any significant side effects during or immediately
following pembrolizumab administration in all patients.

Patient 1’s medical history begins in 2014 when he was diagnosed with Castleman
Disease and underwent therapy with six cycles every 21 days of R-CHOP (Rituximab,
Vincristine, Doxorubicin, Cyclophosphamide and Prednisolone). In 2019, the patient under-
went new chemotherapy with four cycles of ABVD (Doxorubicin, Bleomycin, Vinblastine,
Decarbazine and Prednisolone) for stage 4 Hodgkin Lymphoma. This treatment was carried
out from July 2019 to November 2019 and was suspended after the simultaneous diagnosis
of PML. From 2014 to 2019, the patient was lost to follow up and discontinued all therapy,
including cART. His CD4 T cell count at LH diagnosis was 160 cells/mmc (16%) and HIV
RNA was 1,459,955 copies/mL. Patient 2 has never been compliant with the therapies since
her HIV diagnosis, which occurred in 1999, although aware of her HIV/HCV coinfection.
At diagnosis of PML, she was off therapy, her CD4 T cell count was 228 cells/mmc, HIV-
RNA was 5,950,845 copies/mL and HCV RNA was 678,245 IU/mL, genotype 3. When both
patients were re-engaged in care, they restarted with FTC/TDF/DTG, which is still ongoing.
After treatment with pembrolizumab, we observed a progressive clinical amelioration with
a gradual slow improvement of the radiological picture in both cases. We contextually
observed a decline in JCV-DNA in the CSF from 262,800 copies/mL and 9540 copies/mL,
respectively, to levels under our cut-off of detectability (<150 cps/mL) within four weeks
after pembrolizumab administration. In Patient 3, the diagnosis of HIV infection was
obtained during hospitalisation for P. jirovecii pneumonia, treated with prednisolone and
CTX IV in June 2020. The cART was started 10 days after the diagnosis with tenofovir
alafenamide, emtricitabine and bictegravir, and we observed a rapid decline in plasma HIV
RNA (from 222,471 to 619 copies/mL/L) and an increase in CD4 T cells (from 22 cells/mmc,
2.3% to 89 cells/mmc, 6.8%). After about one month from the start of the cART, the patient
presented epileptic seizures and a brain MRI showed cerebral lesions compatible with
PML, confirmed by the detection in CSF of JCV DNA equal to 183 copies/mL. In a few
days we observed a rapid clinical worsening with the appearance of aphasia, behavioural
alterations and contrast enhancement, cerebral oedema and mass effect on brain MRI. The
CD4 T cell count was 102 cells/mmc (7.2%) and HIV RNA 102 copies/mL. In the suspicion
of an IRIS PML, we decided to start therapy with methylprednisolone dosed at 1 g per day
for 5 days, followed by an oral prednisone tapered over 1 to 4 weeks, before the first course
of pembrolizumab, which we administered after about 15 days. In the following period,
the radiological picture showed a further worsening with the appearance of a midline
shift, which made it impossible to perform further lumbar punctures for monitoring the
JCV-DNA. The clinical case was discussed collectively, and we decided to resume a further
course of steroid therapy and postpone the administration of pembrolizumab by approxi-
mately two weeks. We administered a total of seven cycles of pembrolizumab complicated
by two other episodes of PML IRIS treated with methylprednisolone. Currently, the patient
is continuing the same cART. After the initial clinical and radiological worsening, however,
there was a gradual, slow functional recovery and reduction in demyelination areas and
cerebral oedema on brain MRI. As soon as it was possible to perform lumbar puncture, we
documented JCV-DNA below the threshold in each CSF sample. Patients 4 and 5 came
to our observation with a rapidly worsening clinical picture characterized by seizures,
aphasia and facio-brachio-crural hemiparesis. In both cases, cART was started early, within
7 days of HIV diagnosis (with tenofovir alafenamide, emtricitabine, darunavir/cobicistat
plus dolutegravir in patient 4 and tenofovir alafenamide, emtricitabine, bictegravir plus
darunavir/cobicistat in patient 5), but the patients showed severe immunosuppression
at PML diagnosis (CD4 T cell count was 64/mmc in patient 4 and 15/mmc in patient 5).
Although JCV DNA decreased rapidly after the first administration of pembrolizumab
(from 338,940 to 26,680 copies/mL in pt4 and from 14,430 to 333 copies/mL in pt5), both
patients experienced marked clinical deterioration and too soon died of sepsis due to
candida parapsilosis and pneumonia due to MDR pseudomonas aeruginosa, respectively.
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3.2. Virological and Anti JCV-Specific Response

After treatment, we observed a JCV DNA decline in all patients (median change−0.42,
−1.64, −0.09 log). In two patients with stable or slightly improved clinical and radiological
pictures, PD-1 expression was high in circulating CD4 and CD8 at baseline, gradually
decreased over time and remained stable at low levels in both patients. The expression of
PD-1 in CSF was higher than in the peripheral blood, even though it was lower after PEM.
All patients experienced an improvement in JCV-specific T cell response after PEM that
paralleled PD-1 decrease and JCV-DNA decay in CSF; both patients showed undetectable
JCV-DNA in plasma and in CSF. In the clinical case of a 36-year-old patient with PML
IRIS, we observed a reduction in the levels of PD1 on circulating CD4 and CD8 T cells,
and, when it was possible to perform the lumbar puncture, also in the CSF. Although
we documented an initial improvement in the specific response to JCV, after beginning
the therapy with dexamethasone we observed a reduction in this response. JCV DNA is
persistently undetected in CSF. For the two patients who did not survive, although we
documented an improvement in the JCV-specific response, a reduction in PD1 expression
and a decline in JCV DNA in both cases, the two patients died from candida sepsis and
MDR sepsis and pneumonia after two months of observation, respectively.

4. Discussion

According to these preliminary data, JCV-DNA quantitative reduction, PD-1 downreg-
ulation and enhanced JCV-specific T-cell response after pembrolizumab treatment were
observed in all patients. Nevertheless, the clinical and radiological response was very
heterogeneous: two out of five patients maintained a stable, or slightly improved, clinical
picture over time, two patients died, and one patient had an immune-reconstitution inflam-
matory syndrome with clinical improvement. The viro-immunological data and the main
radiological findings are shown in Figures 1 and 2, respectively.

The reported five patients had heterogeneous characteristics at PML diagnosis, and, but
for one patient (patient 1 restarted the cART four months earlier together with chemotherapy),
all were performing antiretroviral therapy for poor adherence or for the lack of knowledge
of HIV status and all shared a profound immunosuppression. It is known that the HIV pro-
tein Tat promotes transcriptions and the replication of the JCV archetype in vitro, resulting
in the potential synergistic effect of HIV on the interruption of JCV latency [12,13]. The
JCV reactivation could be associated with multiple JCV quasispecies, with highly variable
genetic NCCR rearrangement, that can affect different brain areas due to different cellular
and tissue neurotropism [14–16].

In all the three patients still alive, we observed, after the first four weeks of cART and
pembrolizumab, undetectable HIV RNA and JCV DNA in the CSF. Starting or optimizing
cART as soon as possible might limit this synergistic effect on JCV replication, as well as
provide a quick restoration of immunity. The HIV and JCV decay both in plasma and in
CSF denotes the immune reconstitution, although incomplete. The immune reconstitution
remains the most desirable goal for treatment of PML and all treatment strategies aimed
at the restoration of cellular immunity, particularly JCV-specific CD8 and CD4 T cells [17].
In our case series, in patient 1 and patient 2, treatment with pembrolizumab may have
contributed to strengthening the specific antiviral response characterized by a rapid viral
decay and partial improvement of the clinical picture. On the other hand, in the two
patients who quickly died, the very advanced diagnosis of the disease and the involvement
of more than three brain areas at PML diagnosis, as well as the lack of viral suppression of
HIV both in plasma and in CSF, also made the JCV-specific anti-inflammatory response
ineffective. A separate discussion is deserved for the patient with PML-IRIS, patient 3. IRIS
occurs in about 4–42% of HIV/AIDS patients starting cART [6,18,19] and is the result of an
excessive immune response to either pre-existing or latent opportunistic pathogens [20].
PML has been reported to occur within the first weeks to months after initiating cART
and has been associated with clinical and radiological worsening [21,22]. In patient 3, we
observed, about four weeks after starting cART, a neurological decline and appearance
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at MRI of contrast enhancement, oedema and mass effect, compatible with a diagnosis of
unmasked PML. We started methylprednisolone with partial improvement, but during the
pembrolizumab administrations, we observed a fluctuation in the clinical and radiological
status, which required the concomitant use of steroids throughout the course of therapy.
Systemic corticosteroids have been used empirically in this specifical setting, with reported
benefit [23]. Although the clinical improvement after therapy with steroids indirectly con-
firmed the diagnosis of PML-IRIS in this patient, the prolonged use of methylprednisolone
partially affected the specific anti-JCV response. In addition, the low JCV viral load at
baseline and the evidence of a relevant inflammatory pattern at MRI probably allowed for a
satisfying result in this case. While previous data have shown a survival advantage among
PLWH with PML who develop IRIS versus those who do not, it is still debated whether
PML-IRIS is an indicator of good clinical outcomes [24]. We can assume that the marked
inflammatory response, probably triggered by the almost simultaneous start of cART and
checkpoint inhibitors, was indispensable for this patient to obtain a good clinical outcome.
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JCV DNA and HIV RNA were tested by Real-Time PCR.
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Figure 2. MRI axial T2 Flair of alive Patients (Pt1, Pt2, Pt3) and dead Patients (Pt4 and Pt5) at different
timepoints. Pt 1: hyperintensity of white matter in the right parietal region. Pt 2: hyperintensity
in the cerebellar hemispheres, brainstem and left temporal pole. Pt 3: hyperintensity in the left
frontal and parietal lobe. Pt 4: hyperintensity in white and grey matter of bilateral frontal lobes
and genu of corpus callosum. Pt 5: diffuse hyperintensity in cerebellar hemispheres and brainstem.
Hyperintensity of white and grey matter of mesial portion of left frontal lobe. In three alive patients the
neuroradiological findings showed well-defined inflammatory white matter localizations, including
multiple districts. In follow up studies, lesions decreased causing response to therapy. In two dead
patients the lesions appeared too extensive with multiple localizations and direct extension into the
controlateral hemisphere through corpus callosum fibers and brainstem. In follow up MRI studies,
no reductions in lesions extent were observed.

The small number of patients observed does not allow us to draw definitive conclu-
sions regarding the use of pembrolizumab for the treatment of PML in PLWH. Although the
strength of this case series is the extensive study of the patients, there are some limitations
that should be addressed.
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First, our threshold of JCV-DNA is equal to 150 copies/mL; therefore, we are not
able to exclude a low-level viremia that may have undergone persistent phenomena of
immune activation and inflammation, especially in the case of the patient with PML-IRIS.
Second, we have not been able to amplify and sequence JCV’s DNA in order to detect
NCCR rearrangements, although we have retained some of the sample aliquots and this is
one of our next goals.

Finally, a further limit is represented by the absence of a codified duration of pem-
brolizumab treatment. In our case series, we treated the three patients who are still alive
after seven cycles. Although the drug has been proven to be well tolerated, in patient 1 we
had to discontinue its use after myocardial infarction. There are data relating to the car-
diotoxicity of pembrolizumab [25,26], but we are not able, in this specific case, to associate
the onset of a heart attack with the use of pembrolizumab, as the patient presented with
coronary stenosis and other cardiovascular risk factors (including previous chemotherapy,
smoking and hypercholesterolemia).

5. Conclusions

Although PML does not affect a huge number of people, its course and outcomes
are extremely disabling, with death in most cases. The costs, both in terms of care and
quality of life, are very high for patients and their families. More data are needed to identify
predictors of response to therapy with pembrolizumab in PLWH and PML in order to
identify eligible patients with the highest probability of response to this therapy.

Author Contributions: C.P., A.V. and A.A. (Andrea Antinori) followed the patients during the
diagnostic and therapeutic path, conceived the study, drafted the first manuscript, and revised
the final version. V.M., A.M., S.G., C.C. and F.B. followed the patients during the diagnostic and
therapeutic path and discussed the results of the study. F.F., A.A. (Alessandra Amendola) and M.R.C.
provided the virological assay on plasma and CSF samples. E.C., G.G., R.C. and C.A. provided the
circulating/CSF CD4 and CD8 expressing PD-1 and JCV-specific T cell response. P.C. provided the
brain MRI. All authors gave their final approval of the version to be submitted. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was supported by Ricerca Corrente Linea 2, Progetto 3 and funded by the
Italian Ministry of Health in order to perform immunological tests.

Institutional Review Board Statement: The drug was given on a compassionate-use basis approved
by our local Ethics Committee and all patients provided written informed consent for the admin-
istration and for using their data for research purposes (Study Project RetroSNC Ethical approval
n.78/2016, 14 June 2016).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Data sharing will be available upon reasonable request.

Acknowledgments: We gratefully acknowledge the medical and nursing staff of the HIV/AIDS
Clinical Unit.

Conflicts of Interest: C.P. has received travel grants and honoraria from Gilead and Janssen-Cilag.
A.V. has received personal fees for advisory board work for Janssen-Cilag and speaker’s honoraria
for educational events. A.M. has received honoraria from Gilead and ViiV Healthcare. A.A. (Andrea
Antinori) has served as a paid consultant to Gilead Sciences, Janssen-Cilag, Merck, ViiV Healthcare,
GlaxoSmithKline, and he has received payment or honoraria for speakers’ bureaus from Gilead
Sciences, Janssen-Cilag, ViiV Healthcare, Merck and support for attending meetings from ViiV
Healthcare, AbbVie. All the other authors declare no conflicts of interest.

References
1. Koralnik, I.J. Progressive multifocal leukoencephalopathy revisited: Has the disease outgrown its name? Ann. Neurol. 2006, 60,

162–173. [CrossRef]
2. Wollebo, H.S.; White, M.K.; Gordon, J.; Berger, J.R.; Khalili, K. Persistence and pathogenesis of the neurotropic polyomavirus JC.

Ann. Neurol. 2015, 77, 560–570. [CrossRef] [PubMed]

http://doi.org/10.1002/ana.20933
http://doi.org/10.1002/ana.24371
http://www.ncbi.nlm.nih.gov/pubmed/25623836


Viruses 2022, 14, 970 9 of 10

3. Ferenczy, M.W.; Marshall, L.J.; Nelson, C.; Atwood, W.J.; Nath, A.; Khalili, K.; Major, E.O. Molecular Biology, Epidemiology, and
Pathogenesis of Progressive Multifocal Leukoencephalopathy, the JC Virus-Induced Demyelinating Disease of the Human Brain.
Clin. Microbiol. Rev. 2012, 25, 471–506. [CrossRef] [PubMed]

4. Berger, J.R.; Pall, L.; Lanska, D.; Whiteman, M. Progressive Multifocal Leukoencephalopathy in Patients with HIV Infection.
J. Neurovirology 1998, 4, 59–68. [CrossRef] [PubMed]

5. Anand, P.; Hotan, G.C.; Vogel, A.; Venna, N.; Mateen, F.J. Progressive multifocal leukoencephalopathy: A 25-year retrospective
cohort study. Neurol. Neuroimmunol. Neuroinflamm. 2019, 6, e618. [CrossRef] [PubMed]

6. Summers, N.A.; Kelley, C.F.; Armstrong, W.; Marconi, V.C.; Nguyen, M.L. Not a Disease of the Past: A Case Series of
Progressive Multifocal Leukoencephalopathy in the Established Antiretroviral Era. AIDS Res. Hum. Retroviruses 2019, 35,
544–552. [CrossRef]

7. Bartsch, T.; Rempe, T.; Leypoldt, F.; Riedel, C.; Jansen, O.; Berg, D.; Deuschl, G. The spectrum of progressive multifocal
leukoencephalopathy: A practical approach. Eur. J. Neurol. 2019, 26, 566-e41. [CrossRef]

8. Khanna, N.; Elzi, L.; Mueller, N.J.; Garzoni, C.; Cavassini, M.; Fux, C.A.; Vernazza, P.; Bernasconi, E.; Battegay, M.;
Hirsch, H.H.; et al. Incidence and Outcome of Progressive Multifocal Leukoencephalopathy over 20 Years of the Swiss HIV
Cohort Study. Clin. Infect. Dis. 2009, 48, 1459–1466. [CrossRef]

9. Bennett, K.M.; Fernandes, P.M. Novel treatments for progressive multifocal leukoencephalopathy. Br. J. Hosp. Med. 2020, 81, 1–9.
[CrossRef]

10. Cortese, I.; Muranski, P.; Enose-Akahata, Y.; Ha, S.-K.; Smith, B.; Monaco, M.; Ryschkewitsch, C.; Major, E.O.; Ohayon, J.;
Schindler, M.; et al. Pembrolizumab Treatment for Progressive Multifocal Leukoencephalopathy. N. Engl. J. Med. 2019, 380,
1597–1605. [CrossRef]

11. Tan, C.S.; Bord, E.; Broge, T.A.; Glotzbecker, B.; Mills, H.; Gheuens, S.; Rosenblatt, J.; Avigan, D.; Koralnik, I.J. Increased Program
Cell Death–1 Expression on T Lymphocytes of Patients With Progressive Multifocal Leukoencephalopathy. JAIDS J. Acquir.
Immune Defic. Syndr. 2012, 60, 244–248. [CrossRef]

12. Gosert, R.; Kardas, P.; Major, E.O.; Hirsch, H.H. Rearranged JC Virus Noncoding Control Regions Found in Progressive Multifocal
Leukoencephalopathy Patient Samples Increase Virus Early Gene Expression and Replication Rate. J. Virol. 2010, 84, 10448–10456.
[CrossRef]

13. Daniel, D.C.; Kinoshita, Y.; Khan, M.A.; Del Valle, L.; Khalili, K.; Rappaport, J.; Johnson, E.M. Internalization of Exogenous
Human Immunodeficiency Virus-1 Protein, Tat, by KG-1 Oligodendroglioma Cells Followed by Stimulation of DNA Replication
Initiated at the JC Virus Origin. DNA Cell Biol. 2004, 23, 858–867. [CrossRef]

14. Van Loy, T.; Thys, K.; Ryschkewitsch, C.; Lagatie, O.; Monaco, M.C.; Major, E.O.; Tritsmans, L.; Stuyver, L.J. JC Virus Quasispecies
Analysis Reveals a Complex Viral Population Underlying Progressive Multifocal Leukoencephalopathy and Supports Viral
Dissemination via the Hematogenous Route. J. Virol. 2015, 89, 1340–1347. [CrossRef]

15. Johnson, E.M.; Wortman, M.J.; Dagdanova, A.V.; Lundberg, P.S.; Daniel, D.C. Polyomavirus JC in the Context of Immunosup-
pression: A Series of Adaptive, DNA Replication-Driven Recombination Events in the Development of Progressive Multifocal
Leukoencephalopathy. Clin. Dev. Immunol. 2013, 2013, 1–10. [CrossRef]

16. Yasuda, Y.; Yabe, H.; Inoue, H.; Shimizu, T.; Yabe, M.; Yogo, Y.; Kato, S. Comparison of PCR-amplified JC virus control region
sequences from multiple brain regions in PML. Neurology 2003, 61, 1617–1619. [CrossRef]

17. Cortese, I.; Reich, D.S.; Nath, A. Progressive multifocal leukoencephalopathy and the spectrum of JC virus-related disease. Nat.
Rev. Neurol. 2020, 17, 37–51. [CrossRef]

18. Fournier, A.; Martin-Blondel, G.; Lechapt-Zalcman, E.; Dina, J.; Kazemi, A.; Verdon, R.; Mortier, E.; De La Blanchardière, A.
Immune Reconstitution Inflammatory Syndrome Unmasking or Worsening AIDS-Related Progressive Multifocal Leukoen-
cephalopathy: A Literature Review. Front. Immunol. 2017, 8, 577. [CrossRef]

19. Melliez, H.; Mary-Krause, M.; Bocket, L.; Guiguet, M.; Abgrall, S.; De Truchis, P.; Katlama, C.; Martin-Blondel, G.; Henn, A.;
Revest, M.; et al. Risk of Progressive Multifocal Leukoencephalopathy in the Combination Antiretroviral Therapy Era in the
French Hospital Database on Human Immunodeficiency Virus (ANRS-C4). Clin. Infect. Dis. 2018, 67, 275–282. [CrossRef]
[PubMed]

20. Manzardo, C.; Guardo, A.C.; Letang, E.; Plana, M.; Gatell, J.M.; Miro, J.M. Opportunistic infections and immune reconstitution
inflammatory syndrome in HIV-1-infected adults in the combined antiretroviral therapy era: A comprehensive review. Expert Rev.
Anti-Infect. Ther. 2015, 13, 751–767. [CrossRef]

21. Harypursat, V.; Zhou, Y.; Tang, S.; Chen, Y. JC Polyomavirus, progressive multifocal leukoencephalopathy and immune
reconstitution inflammatory syndrome: A review. AIDS Res. Ther. 2020, 17, 1–11. [CrossRef] [PubMed]

22. Guidelines for the Prevention and Treatment of Opportunistic Infections in Adults and Adolescents with HIV. Available
online: https://clinicalinfo.hiv.gov/en/guidelines/adult-and-adolescent-opportunistic-infection/progressive-multifocal?view=
full (accessed on 28 June 2021).

23. Tan, K.; Roda, R.; Ostrow, L.; McArthur, J.; Nath, A. PML-IRIS in patients with HIV infection: Clinical manifestations and
treatment with steroids. Neurology 2009, 72, 1458–1464. [CrossRef] [PubMed]

24. Sainz-De-La-Maza, S.; Casado, J.L.; Elias, M.J.P.; Moreno, A.; Quereda, C.; Moreno, S.; Corral, I. Incidence and prognosis of
immune reconstitution inflammatory syndrome in HIV-associated progressive multifocal leucoencephalopathy. Eur. J. Neurol.
2016, 23, 919–925. [CrossRef] [PubMed]

http://doi.org/10.1128/CMR.05031-11
http://www.ncbi.nlm.nih.gov/pubmed/22763635
http://doi.org/10.3109/13550289809113482
http://www.ncbi.nlm.nih.gov/pubmed/9531012
http://doi.org/10.1212/NXI.0000000000000618
http://www.ncbi.nlm.nih.gov/pubmed/31554669
http://doi.org/10.1089/aid.2018.0232
http://doi.org/10.1111/ene.13906
http://doi.org/10.1086/598335
http://doi.org/10.12968/hmed.2020.0093
http://doi.org/10.1056/NEJMoa1815039
http://doi.org/10.1097/QAI.0b013e31825a313c
http://doi.org/10.1128/JVI.00614-10
http://doi.org/10.1089/dna.2004.23.858
http://doi.org/10.1128/JVI.02565-14
http://doi.org/10.1155/2013/197807
http://doi.org/10.1212/01.WNL.0000096147.47128.7D
http://doi.org/10.1038/s41582-020-00427-y
http://doi.org/10.3389/fimmu.2017.00577
http://doi.org/10.1093/cid/ciy074
http://www.ncbi.nlm.nih.gov/pubmed/29635465
http://doi.org/10.1586/14787210.2015.1029917
http://doi.org/10.1186/s12981-020-00293-0
http://www.ncbi.nlm.nih.gov/pubmed/32631361
https://clinicalinfo.hiv.gov/en/guidelines/adult-and-adolescent-opportunistic-infection/progressive-multifocal?view=full
https://clinicalinfo.hiv.gov/en/guidelines/adult-and-adolescent-opportunistic-infection/progressive-multifocal?view=full
http://doi.org/10.1212/01.wnl.0000343510.08643.74
http://www.ncbi.nlm.nih.gov/pubmed/19129505
http://doi.org/10.1111/ene.12963
http://www.ncbi.nlm.nih.gov/pubmed/26914970


Viruses 2022, 14, 970 10 of 10

25. Dolladille, C.; Ederhy, S.; Allouche, S.; Dupas, Q.; Gervais, R.; Madelaine, J.; Sassier, M.; Plane, A.-F.; Comoz, F.; Cohen, A.A.; et al.
Late cardiac adverse events in patients with cancer treated with immune checkpoint inhibitors. J. Immunother. Cancer 2019,
8, e000261. [CrossRef]

26. Mascolo, A.; Scavone, C.; Ferrajolo, C.; Rafaniello, C.; Danesi, R.; Del Re, M.; Russo, A.; Coscioni, E.; Rossi, F.; Alfano, R.; et al.
Immune Checkpoint Inhibitors and Cardiotoxicity: An Analysis of Spontaneous Reports in Eudravigilance. Drug Saf. 2021, 44,
957–971. [CrossRef]

http://doi.org/10.1136/jitc-2019-000261
http://doi.org/10.1007/s40264-021-01086-8

	Introduction 
	Materials and Methods 
	Results 
	Clinical Characteristics of Patients 
	Virological and Anti JCV-Specific Response 

	Discussion 
	Conclusions 
	References

