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Objective: Progressive multifocal leukoencephalopathy (PML) is still burdened by high mortality in a subset of patients,
such as those affected by hematological malignancies. The aim of this study was to analyze the safety and carry out
preliminary evaluation of the efficacy of polyomavirus JC (JCPyV)-specific T cell therapy in a cohort of hematological
patients with PML.
Methods: Between 2014 and 2019, 9 patients with a diagnosis of “definite PML” according to the 2013 consensus who
were showing progressive clinical deterioration received JCPyV-specific T cells. Cell lines were expanded from autolo-
gous or allogenic peripheral blood mononuclear cells by stimulation with JCPyV antigen-derived peptides.
Results: None of the patients experienced treatment-related adverse events. In the evaluable patients, an increase in
the frequency of circulating JCPyV-specific lymphocytes was observed, with a decrease or clearance of JCPyV viral load
in cerebrospinal fluid. In responsive patients, transient appearance of punctate areas of contrast enhancement within,
or close to, PML lesions was observed, which was interpreted as a sign of immune control and which regressed sponta-
neously without the need for steroid treatment. Six of 9 patients achieved PML control, with 5 alive and in good clinical
condition at their last follow-up.
Interpretation: Among other novel treatments, T cell therapy is emerging as a viable treatment option in patients with
PML, particularly for those not amenable to restoration of specific immunity. Neurologists should be encouraged to
refer PML patients to specialized centers to allow access to this treatment strategy.

ANN NEUROL 2021;89:769–779

View this article online at wileyonlinelibrary.com. DOI: 10.1002/ana.26020

Received Sep 30, 2020, and in revised form Jan 11, 2021. Accepted for publication Jan 13, 2021.

Address correspondence to Dr Comoli, Cell Factory & Pediatric Hematology/Oncology, Fondazione IRCCS Policlinico San Matteo, Viale Golgi 19, 27100
Pavia, Italy. E-mail: pcomoli@smatteo.pv.it

†These authors contributed equally to the manuscript.

From the 1Neuroncology Unit, IRCCS Mondino Foundation, Pavia, Italy; 2Department of Brain and Behavioral Sciences, University of Pavia, Pavia, Italy;
3Cell Factory, IRCCS Fondazione Policlinico San Matteo, Pavia, Italy; 4Pediatric Hematology-Oncology Unit, IRCCS Fondazione Policlinico San Matteo,

Pavia, Italy; 5Neuroradiology Unit, IRCCS Mondino Foundation, Pavia, Italy; 6Department of Neuroradiology, Papa Giovanni XXIII Hospital, Bergamo, Italy;
7Neuroradiology Unit, IRCCS Istituto Giannina Gaslini, Genoa, Italy; 8Department of Biomedical, Surgical and Dental Sciences, University of Milan, Milan,
Italy; 9Transfusion Service, IRCCS Fondazione Policlinico San Matteo, Pavia, Italy; 10Infectious Disease Department, IRCCS Fondazione Policlinico San

Matteo, Pavia, Italy; 11HSCT Unit, IRCCS Istituto Giannina Gaslini, Genoa, Italy; 12Department of Medical and Surgical Sciences, Section of Hematology,
University of Modena and Reggio Emilia, Azienda Ospedaliero-Universitaria Policlinico, Modena, Italy; and 13Molecular Virology, IRCCS Fondazione

Policlinico San Matteo, University of Pavia, Pavia, Italy

Additional supporting information can be found in the online version of this article.

© 2021 The Authors. Annals of Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association. 769
This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and
distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.

https://orcid.org/0000-0001-8798-9058
https://orcid.org/0000-0001-8057-9398
https://orcid.org/0000-0002-3199-9369
mailto:pcomoli@smatteo.pv.it
http://creativecommons.org/licenses/by-nc-nd/4.0/


Progressive multifocal leukoencephalopathy (PML) is a
severe brain infection caused by the JC polyomavirus

(JCPyV) following prolonged immune suppression,1,2 as
observed in association with human immunodeficiency virus
(HIV) infection,3 hematological malignancies,4,5 congenital
immune deficiencies,6–8 solid organ/hematopoietic stem cell
transplantation,9 or after treatment with monoclonal anti-
bodies.10 To date, effective antiviral agents to treat JCPyV
infections are not available,11 and infection control relies on
restoration of the host immune competence, which cannot
always be attained. This explains why PML-associated mor-
tality is heavily dependent on whether immune suppression
is reversible or not, ranging from 20% in patients with
immune-mediated disorders who develop PML during treat-
ment with monoclonal antibodies12 up to 90% in patients
with hematological malignancies.4,5,9 The need to find effec-
tive treatment options is even more urgent considering that
the incidence of PML is increasing dramatically in the popu-
lation of HIV-negative patients, as a consequence of more
widespread use of monoclonal antibodies and immune mod-
ulators for the management of hematological malignancies
and autoimmune disorders.13 Moreover, the indications for
hematopoietic stem cell transplantation (HSCT) are increas-
ing, as is the survival of transplant recipients, resulting in a
continual rise in the number of patients at risk.

Enhancing immunity to JCPyV currently seems the
most promising approach to counteract PML. Treatment with
immune checkpoint inhibitors14–20 and vaccination21,22 have
been attempted in isolated cases or small case series. However,
these approaches have been associated with inconsistent results,
because patients require a functional immune system tomount
an effective cellular response towards the JCPyV. Passive
immunization through the adoptive transfer of JCPyV-specific
T cells has the potential to be effective in patients with pro-
found cellular immune suppression, who have little chance of
responding to treatments that stimulate the endogenous
immune system. This approach has been used for more than
2 decades in the treatment of refractory herpesvirus
infections,23,24 but has only recently been used in patients with
PML. Since the first case was reported by our group in 2011,25

only 4 additional patients have been treated with T cell ther-
apy.26,27 Here, we describe the clinical and paraclinical features
in a series of 9 HIV-negative patients treated with T cell ther-
apy at our Institution, with the aim of reporting preliminary
data on the efficacy and safety of this approach in view of
launching a clinical trial in a larger cohort.

Patients and Methods
Patients
Patients were referred from different Italian centers to the
Good Manufacturing Practice (GMP) Laboratory of the

Fondazione IRCCS Policlinico San Matteo (Pavia, Italy).
Criteria for treatment included a diagnosis of “definite
PML” according to the consensus of the American Acad-
emy of Neurology of 201328 and ongoing neurological
deterioration. Approval from the local ethics committee
and from the national authority were obtained. All
patients gave their written informed consent for study par-
ticipation. The patient’s previous medical history and clin-
ical/paraclinical features at the time of PML diagnosis,
including magnetic resonance imaging (MRI) scans, were
gathered from the referring centers and reviewed centrally.
From January 2014 to April 2019, a total of 9 HIV-
negative patients were treated with JCPyV-specific
lymphocytes.

Production and Testing of JCPyV-Specific
T Lymphocytes
Cell lines were produced within a GMP facility, according to
a previously described method.25 Briefly, peripheral blood
mononuclear cells (PBMCs), obtained from the patient
(autologous treatment) or from an allogeneic donor (HLA-
haploidentical HSCT donor, HLA-haploidentical third-party
family member, or HLA-partly matched third-party donor),
were pulsed with 15-mer peptide pools, spanning the entire
JCPyV viral capsid 1 protein (VP1) and large T (LT) proteins
(Miltenyi Biotech, Bergisch Gladbach, Germany). On day
+12, cultured cells were recovered, counted, and replated in
the presence of autologous irradiated stimulator PBMCs,
pulsed with JCPyV peptide mixes, and cultured for a further
12–14 days in the presence of IL-2 (20U/ml). T cell lines
were characterized by immunophenotype and tested for ste-
rility, alloreactivity, and potency by JCPyV-specific interferon
gamma (IFNγ) enzyme-linked immunospot (ELISPOT)
assay29 and cytotoxicity by standard 51Cr-release assay.29,30

Biological Characterization of JCPyV-Targeted
T Cell Lines
JCPyV-specific T cells (JCPyV-LTCs) were generated suc-
cessfully ex vivo. Flow-cytometry analyses showed that
JCPyV-LTCs included 71% CD4+, 13% CD8+, and 5%
CD56+/CD3− natural killer cells. However, LTCs
expanded from the patients included higher numbers of
CD8+ cells (43 vs 8% in allogeneic LTCs). T cells were
specific for JCPyV, because they produced IFNγ in
response to VP1 and LT peptides (median: 73 spot-
forming units [SFU]/105 cells, range 27–900SFU/105

cells) and exerted virus-specific cytotoxicity, showing spe-
cific lysis toward JCPyV antigen-pulsed targets (median
lysis at the effector-to-target [E:T] ratio of 2.5:1 after sub-
tracting control lysis: 31%, range 3–43%). The median
lysis of patients’ or third-party allogeneic phytohemagglu-
tinin blasts pulsed with control antigen at the same E:T
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ratio was 4% (range 0–14%), indicating that allogeneic
LTCs were devoid of alloreactivity.

Treatment Schedule and Assessment
of Response
The JCPyV-LTC starting dose was 1 × 105/kg, followed
by a second dose of 2 × 105/kg, 15 days apart. Adverse
events were recorded after each infusion and classified
according to the Common Terminology Criteria for
Adverse Events, v.4.0. Patients were re-evaluated clinically
15 days after the second infusion. Ongoing neurological
deterioration after the first 2 JCPyV-LTC infusions was
considered a reason for treatment discontinuation because

of inefficacy. Improvement and stabilization were consid-
ered encouraging features, and T cell therapy was contin-
ued monthly at the dose of 2 × 105/kg as long as
considered potentially beneficial, using the JCPyV viral
load in the cerebrospinal fluid (CSF) and radiological evo-
lution as complementary assessments reflecting disease
activity. The JCPyV-specific immune response was evalu-
ated, when feasible, in PBMCs obtained from peripheral
blood sampled at different time points after LTC adminis-
tration, by 24 h IFNγ ELISPOT assay in the presence of
0.1μg/ml JCPyV VP1 and LT-derived peptides.29 Patients
were evaluated regularly during follow-up by neurological
examination and contrast brain MRI. The size of PML

TABLE 1. Clinical–Paraclinical Features at the Time of PML Diagnosis in the 9 Patients Treated with T Cell
Therapy

Pt

Age,
yr/
Sex

Delay from Symptom
Onset to PML
Diagnosis (mo)

Neurological
Presentation Brain MRI Features

JC Virus DNA in
the CSF, Copies/ml

1 59/F 4 Right arm motor deficit Single lesion in frontal
prerolandic region

Negativea

2 55/M 4.8 Cognitive impairment,
left arm segmental ataxia

Multiple bilateral lesions in
the frontal lobes, centrum
semiovale, and in the posterior
limb of the internal capsule

3,950

3 70/F 1.4 Aphasia, agraphia, alexia Single lesion involving the
temporoparietal lobe

2,440

4 50/M 0.8 Left LHH Multiple lesions involving
bilaterally the temporo-
occipital lobes and the corpus
callosum

9,000

5 68/M 4 Cognitive impairment,
left LHH

Multiple lesions involving
unilaterally the right parietal
and occipital lobes

2,277

6 54/M 1 Left arm motor deficit Multiple lesions involving
unilaterally the right frontal
and parietal lobes

1,024

7 66/M 1 Left hemiparesis Multiple lesions located
bilaterally in the frontal lobes

1,300

8 54/F 3.7 Left arm segmental
ataxia, nausea, gait ataxia

Multiple lesions located in the
brainstem and the cerebellum

300

9 17/M 0.3 Cognitive impairment,
left hemiparesis

Multiple lesions in right
parietal region, left
temporoparietal regions,
frontomesial region, corpus
callosum, and basal ganglia

384

aThis patient had 109 copies of JC virus DNA/100,000 cells on brain biopsy tissue.
CSF = cerebrospinal fluid; F = female; LHH = lateral homonymous hemianopia; M = male; MRI = magnetic resonance imaging; PML = progressive
multifocal leukoencephalopathy; Pt = patient.

April 2021 771

Berzero et al: T Cell Therapy for PML



TABLE 2. Treatment and Outcome in the 9 Patients Treated with T Cell Therapy for PML

Pt

T Cell Therapy Last FU

Delay from
PML Diagnosis
to T Cell
Therapy, mo

Neurological Status
at the Time of T
Cell Therapy
Initiation

Number
of
Infusions

JC Virus DNA in
the CSF After T
Cell Therapy,
Copies/ml

FU Duration
from PML
Diagnosis,
mo

Patient
Status at
Last FU

Neurological
Status at Last
FU, Residual
Deficits

1 4.7 Severe right
hemiparesis, aphasia,
behavioral changes
(mRS 4)

4 — 69.0 Alive Severe
hemiparesis,
aphasia (mRS 4)

2 9.9 Cognitive
impairment, left arm
segmental sensory
ataxia, epilepsy
(mRS 2)

3 290 27.7 Alive No residual
deficit (mRS 1)

3 3 Global aphasia,
agraphia, alexia,
right hemiparesis
(mRS 3)

1 — 3.6 Deceased
(PML)

—

4 2.6 Cortical blindness,
left sensory deficit
(mRS 2)

3 — 4.4 Deceased
(VZV
encephalitis)

—

5 5 Mild cognitive
impairment, LHH,
seizures (mRS 2)

6 1,860 19.3 Alive Mild cognitive
impairment,
LHH (mRS 2)

6 2 Vigilance
impairment, left
LHH, severe left
hemiparesis,
hypoesthesia and
hemineglect (mRS
5)

2 — 5.0 Deceased
(PML)

—

7 2 Dysarthria, cognitive
impairment, severe
left hemiparesis
(mRS 4)

4 — 6.0 Deceased
(PML)

—

8 1.3 Dysarthria,
dysphagia, left arm
segmental ataxia,
severe gait ataxia
(mRS 4)

6 Negative 50.3 Alive Mild dysarthria
and gait ataxia
(mRS 2)

9 1.1 Cognitive
impairment, aphasia,
dysphagia, agraphia,
seizures, vigilance
impairment, severe
left hemiparesis
(mRS 4)

5 Negative 12 Alive Mild ataxia and
tremor (mRS 2)

CSF = cerebrospinal fluid; FU = follow-up; LHH = lateral homonymous hemianopia; mRS = modified Rankin Score; PML = progressive multifocal
leukoencephalopathy; Pt = patient; VZV = varicella-zoster virus; — = not applicable.
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lesions was calculated as the sum of the products of maxi-
mum perpendicular diameters of major lesions on axial
Fluid Attenuated Inversion Recovery (FLAIR) sequences.
Percentage variations in the size of PML lesions were cal-
culated by comparing the size of PML lesions at the dis-
continuation of T cell therapy with the size of PML
lesions before starting T cell therapy. After discontinuation
of T cell therapy, patients were followed by their referring
neurologist, who provided us with information on their
neurological status at last follow-up.

Results
Patient Demographic Features and Previous
Medical History
Previous medical histories and the clinical–paraclinical fea-
tures at the time of PML in the 9 patients are reported in
Table 1 and Supplementary Table S1. Details on treat-
ment and outcome are reported in Table 2.

Six patients were male and 3 female. The median
age at the time of PML diagnosis was 55 years (range
17–70 years). The underlying condition for immune sup-
pression was represented by idiopathic CD4+ lymphopenia
(n = 1; Patient 8), Wiskott–Aldrich syndrome (n = 1;
Patient 9), or hematological malignancies (n = 7) [non-

Hodgkin lymphoma (n = 4), Hodgkin lymphoma (n = 1),
multiple myeloma (n = 1), and chronic lymphocytic leu-
kemia (n = 1); Patients 1–7). All 7 patients with hemato-
logical malignancies had received chemotherapy as part of
their anti-neoplastic treatment, and 6 of the 7 received B
cell-depleting monoclonal antibodies (rituximab,
obinutuzumab, or ofatumumab). A total of 5 patients had
undergone autologous (n = 3) or allogenic (n = 2) HSCT
(median delay from HSCT to the development of PML:
19 months, range 2–36 months).

Clinical and Paraclinical Features at the Time
of PML Diagnosis
The median CD4+ cell count at the time of PML diagno-
sis was 82 cells/mm3 (range 40–309 cells/mm3). Neuro-
logical presentation consisted of subacute progressive
symptoms, including cognitive impairment, lateral hom-
onymous hemianopia, aphasia, motor deficits, and seg-
mental ataxia. Brain MRI showed findings typical of PML,
with 1 or multiple T2 hyperintense white matter lesions
involving U fibers, appearing hypointense on T1 images,
located unilaterally (4 patients) or bilaterally (4 patients) in
the supratentorial white matter (eg, Fig 1A, F) or confined to
the infratentorial region (1 patient). Diffusion-weighted

FIGURE 1: Magnetic resonance imaging findings at the time of progressive multifocal leukoencephalopathy (PML) diagnosis in
Patient 1, in A–E. and Patient 4, in F–L. (A) Patient 1 had a single progressive multifocal leukoencephalopathy (PML) lesion
located in the left rolandic white matter, hyperintense on axial FLAIR images. (B) The adjacent cortex shows a characteristic rim
of hypointensity on gradient echo (GE) images. (C, D) No diffusion restriction is evident on b1000 sequences, in C, and ADC
sequences, in D, and (E) no contrast enhancement was evident on T1 sequences after gadolinium injection. (F) Patient 4 had a
large PML lesion in the right parietal white matter that involved the corpus callosum splenium and reached the contralateral
hemisphere, evident as hyperintense on FLAIR images. (G) No cortical rim of hypointensity was evident on GE images. (H, I)
Linear rims of diffusion restriction were present along the lateral margins of the PML lesion, corresponding to the front of active
demyelination. (J) The PML lesion showed marked hypointensity on T1 sequences after gadolinium injection, but no contrast
enhancement. FLAIR, Fluid Attenuated Inversion Recovery.
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imaging disclosed a rim of diffusion restriction along the mar-
gins of PML lesions, corresponding to the active demyelin-
ation front, in 8 of 9 patients (see Fig 1H, I). An intralesional
T2-gradient linear rim of hypointensity at the juxtacortical
level was evident in 6 patients (Patients 1, 2, 5–7, and 9; see
Fig 1B). In 2 patients (Patients 5 and 8), small areas of punc-
tate contrast enhancement were present in the perilesional
white matter, suggestive of an accompanying inflammatory
response. Magnetic resonance spectroscopy displayed non-
specific alterations, including mild choline elevation,
N-acetylaspartate reduction and lactate elevation in all 3 cases
in which it was performed. CSF analysis showed normal pro-
tein levels and cell counts except for a single patient (Patient 8)
who had a mild lymphocytic pleocytosis (8 cells/m3). JCPyV
DNA was detected in the CSF of 8 patients (viral load ranging
from 300 to 9000 copies/ml), whereas the remaining patient
(Patient 1) had undetectable JCPyV DNA in the CSF despite
repeated lumbar punctures. In this patient, PML diagnosis was
based on typical histopathological findings on brain biopsy

(classic histopathologic triad plus positive tissue reverse
transcriptase–polymerase chain reaction for JCPyV). The
median delay from onset of neurological symptoms to diagno-
sis of PMLwas 1.4 months (range 0.3–4.8 months).

Treatment and Outcome
Two patients had previously received pharmacological
agents, such as cidofovir (Patient 4) or mefloquine and
mirtazapine (Patient 2), based on anecdotal efficacy results
reported in the literature,11 but none of these agents
proved effective in the control of PML progression. As a
result, all of the patients were in a state of clinical deterio-
ration and were moderately to severely disabled (modified
Rankin Score [mRS] 2–5) when they were referred to our
center for T cell therapy.

The first JCPyV-LTC infusion was administered
at a median of 2.6 months after PML diagnosis (range
1.1–9.9 months). LTCs were generated from autolo-
gous PBMCs in 4 cases and from HLA-partly matched

TABLE 3. Characteristics of JCPyV-Specific T Cell Products Used in the Cohort

Pt PBMC Source

IFNγ Production, Spots/105

Cells
Cytotoxic activity, % Lysis
at 2.5:1 E:T Ratio Phenotype, % Positive Cells

JCPyV VP1
+ LT
Peptides

Allogeneic
PBMCs

JCPyV VP1
+ LT
Peptides

Allogeneic
PHA Blasts CD3+ CD4+ CD8+

CD3−/
CD56+

1 Allogeneic
(related third
party)

560 14 18 0 95 89 7 1

2 Autologous 900 — 41 — 93 56 35 6

3 Autologous 27 — 3 — 38 24 12 57

4 Allogeneic
(unrelated third
party)

43 13 35 8 97 84 13 2

5 Autologous 35 — 31 — 90 39 52 5

6 Allogeneic
(related third
party)

202 nd 43 nd 99 73 21 1

7 Allogeneic
(unrelated third
party)

123 8 37 14 82 71 8 15

8 Autologous 73 — 29 — 88 2 80 19

9 Allogeneic
(HSCT donor)

63 3 10 0 95 85 8 2

E:T ratio = effector-to-target ratio; HSCT = hematopoietic stem cell transplantation; JCPyV = polyomavirus JC; IFNγ = interferon gamma; LT = large
T protein; nd = not done; PBMCs = peripheral blood mononuclear cells; PHA = phytohemagglutinin; VP1 = viral capsid 1 protein.
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allogeneic donors in the remaining 5 cases. JCPyV-
LTC characteristics are reported in Table 3. The
median number of infusions per patient was 4
(range 1–6).

T cell therapy was well tolerated, and none of the
patients experienced infusion-related adverse events.

Three patients (Patients 3, 6, and 7) died owing to
progression of PML, and 1 (Patient 4) died owing to an

FIGURE 2: Magnetic resonance imaging (MRI) findings in Patient 1. (A–C) Before starting T cell therapy. (D–F) 1 month after T cell
therapy discontinuation. (G–I) 2.5 years after T cell therapy discontinuation. (A, D, G) Axial FLAIR images. (B, E, H) T1-weighted images
after gadolinium injection. (C, F, I) Gradient echo (GE) images. (A, B) MRI at initiation of T cell therapy showed a large frontoparietal
progressivemultifocal leukoencephalopathy (PML) lesion that was hyperintense on FLAIR sequences, shown in A, and hypointense on T1
sequences, with no contrast enhancement after gadolinium injection, shown in B. (D) MRI acquired 1 month after the last T cell therapy
infusion showed an initial reduction in the size of the PML lesion on FLAIR images, together with a sharp reduction of its mass effect.
(E) On T1 sequences after gadolinium injection, small punctate areas of contrast enhancement had appearedwithin (or close to) the PML
lesion. (G, H) MRI acquired at the last follow-up showed further reduction of the FLAIR hypersignal, in G, and a major cortical–subcortical
atrophy across the left frontoparietal lobes, inG andH. FLAIR, Fluid Attenuated Inversion Recovery.
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intervening varicella-zoster virus reactivation related to his
state of immune suppression. The remaining 5 patients
achieved long-term survival (median follow-up duration:
39 months after PML diagnosis, range 19–69 months). One
patient achieved neurological stabilization with a moderate
level of disability (mRS 4), and 4 patients experienced sub-
stantial neurological improvement, with only mild or mini-
mal residual disability at the last follow-up (mRS 1–2).

PML lesions progressively reduced in size and evolved
to cerebral atrophy in all surviving patients (Fig 2A, D, G).
Intermediate control MRI performed during or shortly after
administration of T cell therapy revealed the appearance of
small areas of punctate contrast enhancement within, or close
to, PML lesions in 4 patients (Patients 1, 2, 7, and 9; see
Fig 2E). In cases in which punctate enhancement was
already present before initiation of therapy (Patients 5 and
8), it remained unchanged at the control MRI performed

during T cell therapy. Punctate enhancing MRI abnormali-
ties were not associated with new or worsening symptoms
and resolved spontaneously within 1 to 3 months (see Fig
2H), without the need for steroid treatment.

Control CSF analysis was available for 4 patients
who were stable or improved under treatment, showing a
reduced (Patients 2 and 5) or undetectable (Patients 8 and
9) JCPyV load, consistent with clinical and radiological
evolution. A repeat lumbar puncture was not performed
in Patient 1, because CSF tested negative for JCPyV
DNA at diagnosis, whereas Patients 3, 4, 6, and 7 did not
have lumbar punctures performed because they deterio-
rated rapidly or died from other causes before control CSF
analysis could be performed.

The JCPyV-specific cellular immune response before
and after cell therapy could be analyzed in 5 patients. The
median frequency of circulating JCPyV-specific IFNγ-
secreting cells before T cell administration was 0SFU/105

PBMCs (range 0–16SFU/105 PBMCs), with a median fre-
quency of cells potentially able to respond (response to the
lymphocyte mitogen phytohemagglutinin) of 96SFU/105

PBMCs (range 2–395SFU/105 PBMCs), which is well below
the normal range for healthy subjects. After T cell therapy,
the number of circulating JCPyV-specific lymphocytes
increased in 4 of the 5 patients, with a median frequency of
47SFU/105 PBMCs (range 6–106SFU/105 PBMCs).

Table 4 compares the clinical, biological, and radio-
logical characteristics of patients surviving PML with those
of patients who succumbed to PML or other intervening
infections. Patients surviving PML had disability scores at
the time of initiation of T cell therapy comparable to
patients who died from PML progression (4 vs 3.5 on the
modified Rankin Scale), although they had longer intervals
from PML diagnosis to T cell therapy (median: 4.7 vs
2.3 months) and lower copy numbers of JCPyV DNA in
their CSF (median: 384 vs 1870 copies/ml). All 5 surviv-
ing patients had evidence of punctate contrast enhance-
ment, which was already present before (n = 2) or
developed during T cell therapy (n = 3), compared with a
single patient who developed contrast enhancement but
ultimately died from PML progression (5 of 5, 100%, vs
1 of 4, 25%). Notably, 2 of the patients treated with
autologous T cells resumed treatment for the underlying
hematologic malignancy after receiving T cell therapy and
continued in good clinical condition without developing
new lesions.

Discussion
This study reports a series of 9 HIV-negative patients who
developed PML in the context of hematological malignancies
or congenital immune deficiencies and who were treated

TABLE 4. Clinical, Biological, and Radiological
Features in Patients Surviving PML (n = 5) and in
Patients Dying Because of PML or Another
Infection Related to Immune Suppression (n = 4)

Characteristic
Survivors
(n = 5)

Deceased
(n = 4)

Age, yr, median (range) 55 60

Male gender, n (%) 3 of 5 (60) 3 of 4 (75)

Median delay from
diagnosis to T cell therapy,
mo

4.7 2.3

Median modified Rankin
Score at T cell therapy

4 3.5

Median CD4+ cell count at
PML diagnosis, cells/mm3

94 82

Median JC viral load in the
CSF at diagnosis, copies/ml

384 1,870

Median percentage
variation in the size of
PML lesions at last
available MRI

−25 +258

Subcortical rim of T2*
hypointensity before or
during treatment, n (%)

4 of 5 (80) 2 of 4 (50)

Development of punctate
contrast enhancement on
MRI before and/or during
T cell therapy, n (%)

5 of 5
(100)

1 of 4 (25)

CSF = cerebrospinal fluid; MRI = magnetic resonance imaging;
PML = progressive multifocal leukoencephalopathy.
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with infusions of JCPyV-specific T lymphocytes. None of
the patients experienced treatment-related adverse events,
strengthening the evidence that T cell therapy is a safe and
feasible treatment strategy in this fragile population.25–27

Patients in our series had multiple risk factors for the
development of PML, including a history of HSCT and treat-
ment with monoclonal antibodies, and none of them was
amenable to immune suppressant drug modulation. They
were referred to our center to receive T cell therapy based on
clinical grounds, because they were deteriorating rapidly
despite conventional measures. Cell lines were generated ad
hoc for 7 patients, from autologous or allogenic PBMCs,
whereas in 2 cases third-party banked JCPyV-specific T cells
were used. Whenever possible, the use of an HSCT donor or
an HLA-haploidentical third-party family donor is preferred
in patients with a severe impairment of cellular immunity.27

However, the significant amount of time required to find an
HLA-compatible family donor, including HLA typing and
donor work-up for leukapheresis, and the lack of availability
of suitably matched third-party T cells prompted us to explore
the possibility of expanding JCPyV-specific T cells from the
patient, after performing a small-scale in vitro virus-specific
immunity test. In 4 patients, in vitro JCPyV immunity test-
ing suggested the feasibility of establishing a functional T cell
line, and autologous LTCs were expanded and used therapeu-
tically. Using this approach, we even succeeded in expanding
a functional, mainly CD8+, T cell line from 1 patient with
idiopathic CD4+ T lymphopenia, which proved efficient in
achieving control of PML.

The expansion and testing of virus-specific T cells with
the method reported here required 3–4 weeks. The delay to
starting treatment when using autologous or family-derived
T cells probably represents the main limitation of our
approach. Patients received the first T cell infusion after a
median of 2.6 months from PML diagnosis, and this delay
might be fatal in patients with rapidly progressive disease.
The use of third-party banked virus-specific T cells,26,31 as
we did in 2 patients, or a reduction of the time needed to
expand JCPyV-LTCs32 might represent viable solutions to
speed up administration of treatment. In patients with rapid
PML progression, we did not attempt IFNγ selection,33

because the frequency of circulating JCPyV-specific memory
T cells was expected to be relatively low, and the supposedly
small number of recovered and infused cells would have
required time for in vivo expansion.

Only 3 patients (33%) in our series ultimately died
because of PML progression. This observation is encouraging,
considering that mortality rates in patients with hematological
malignancies4,5,13 or congenital immune deficiencies6 gener-
ally approach 90%. Long-term survival was achieved in
5 patients (56%), whose neurological improvement was

paralleled by a decrease in JCPyV viral load in the CSF and a
shrinkage of PML lesions. The long follow-up available for
these patients further strengthens the clinical and paraclinical
evidence suggesting that PML was controlled permanently.
Although promising, these results should be viewed with cau-
tion in light of the cohort characteristics and possible con-
founding factors. Some of the patients in our series showed
baseline features that have been associated with favorable out-
come in the population of HIV-positive patients, such as the
presence of contrast enhancement34 and low JCPyV viral
loads in the CSF.35,36 Indeed, a few patients in our cohort
showed a relatively indolent clinical course that allowed them
to wait for JCPyV-specific T cell lines to be generated and
administered, suggesting that our approach might have
selected involuntarily for patients with a favorable prognosis.
However, it should be noted that all patients showed a steady
clinical deterioration until T cell therapy was administered
and that neurological improvement/stabilization strictly coin-
cided with administration of JCPyV-LTCs. Moreover, at the
time of T cell preparation, JCPyV-specific T cell responses
were not detectable by standard analysis in the patients, and
only in 4 patients were we able to force a response by repeated
in vitro stimulation. Although we cannot exclude the possibil-
ity that favorable baseline features34–36 or the natural course37

might have contributed to the successful outcomes observed
in our series, the close temporal relationship between the start
of T cell therapy and neurological improvement suggests that
T cell therapy played a role in this fortunate process.

Contrast enhancement, observed before or during
treatment in all long-term survivors, seemed to be the
strongest predictor of a favorable outcome in our series.
The punctate enhancing alterations observed within
(or close to) PML lesions in our study and other reports26

are likely to reflect an early inflammatory response related
to the homing of infused JCPyV-specific lymphocytes or,
at least, the support of JCPyV-LTCs to endogenous T
cells present in the lesions, as suggested by other studies.26

We did not consider these patients to have an immune
reconstitution inflammatory syndrome (IRIS), because
none developed other defining features of this condition,
such as accompanying clinical deterioration, paradoxical
enlargement of PML lesions on T2/FLAIR sequences,
edema, or mass effect. IRIS is the result of a broad and
exaggerated immune activation following an abrupt resto-
ration of immune competence, whereas virus-specific cyto-
toxic T cell therapy induces rapid lysis of infected cells
with minimal inflammatory infiltrates in perivascular
spaces, without the massive bystander activation of effec-
tor cells and the associated tissue damage that occurs in
clinical IRIS.38 In this regard, the high targeted cytotoxic
activity of our products might have prevented
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development of IRIS. Our T cells were expanded by stim-
ulation with peptides derived from JCPyV antigens, unlike
the study by Muftuoglu and colleagues,26 who used third-
party T cells specific for BKPyV. Although it has been
shown that there is a high degree of homology between
the 2 viruses, and a certain cross-reactivity in T cell
responses might be expected, we believe that the higher
specificity of JCPyV-LTCs might have been beneficial in
reducing the risk of IRIS, because 66% of the patients
from the MD Anderson case series developed IRIS versus
none in our cohort.

Another promising radiological predictor of
improved outcome is the evidence of subcortical areas of
low T2* signal adjacent to PML lesions (seen better on
susceptibility imaging but also visible on traditional gradi-
ent echo T2-weighted sequences), which seems to reflect
the presence of activated glial cells and microglia/macro-
phages with high intracytoplasmic levels of iron and ferro-
magnetic pigments.39 The presence of this radiological
sign has also been associated with a better outcome,39,40

and, like contrast enhancement, probably reflects some
degree of immune response towards JCPyV.

We did not observe any difference in response rates
between patients receiving JCPyV-LTCs generated from
autologous or allogenic PBMCs. The 3 patients who
succumbed to progression of PML received autologous,
related third-party, and unrelated third-party T cells,
respectively, and, in general, patients treated with
unrelated third-party T cells were those with the worst
clinical conditions, which did not allow the time needed
for a dedicated cell therapy product. Thus, it is impossible
to draw any conclusion on this particular aspect.

This study has, undoubtedly, the intrinsic limita-
tions of an uncontrolled case series. Control MRI and
CSF analyses were not performed at the same time inter-
vals in all patients or by using standardized protocols. No
central nervous system cell trafficking analysis was per-
formed, and the main consideration supporting a role for
lymphocyte infusions in clinical improvement is that all
patients were in a state of steady neurological progression
until T cell therapy was administered. Despite these limi-
tations and the exiguity of the cohort, our results are
extremely promising with regard to both mortality and
neurological outcome. The individual patient-dedicated
approach and the requirement for regulatory agency-
certified production facilities represent the main obstacles
to a tailored T cell therapy. Generation of cell lines is time
consuming, especially when lines are generated ad hoc for
each patient, and this might result in a crucial delay in
administration of treatment. The establishment of third-
party T cell banks will possibly make this approach more
feasible and allow more widespread access to cellular

therapies for PML treatment. Neurologists should try to
reach a PML diagnosis as promptly as possible and refer
patients to specialized centers to enable them to access
these novel treatments.
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