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SUMMARY

JC virus, the cause of progressive multifocal leukoencephalopathy (PML), and the
BK virus are genetically similar and share sequence homology in immunogenic
proteins. We treated three immunosuppressed patients with PML with ex vivo—
expanded, partially HLA-matched, third-party—produced, cryopreserved BK virus—
specific T cells. The immunosuppression in these patients was due to the condi-
tioning regimen for cord-blood transplantation in one patient, a myeloproliferative
neoplasm treated with ruxolitinib in another, and acquired immunodeficiency
syndrome in the third. After T-cell infusion in two of the patients, alleviation of
the clinical signs and imaging features of PML was seen and JC virus in the cere-
brospinal fluid (CSF) cleared. The other patient had a reduction in JC viral load
and stabilization of symptoms that persisted until her death 8 months after the
first infusion. Two of the patients had immune reconstitution syndrome. Donor-
derived T cells were detected in the CSF after infusion. (Funded by the M.D. Ander-
son Cancer Center Moon Shots Program and the National Institutes of Health;
ClinicalTrials.gov number, NCT02479698.)

ROGRESSIVE MULTIFOCAL LEUKOENCEPHALOPATHY (PML) IS A RARE DE-

myelinating infection of the central nervous system caused by reactivation of

the JC polyomavirus'? that occurs in the context of defective cellular immu-
nity.> Common underlying conditions that are associated with JC virus infection
include advanced human immunodeficiency virus (HIV) infection, hematologic
and solid-tissue cancers, hematopoietic stem-cell transplantation, and the use of
certain immunosuppressive drugs, including biologic therapies such as natalizu-
mab.*” The infection typically causes altered mental status, motor deficits, ataxia,
and visual symptoms and is progressive and usually fatal. There is no effective
treatment for PML other than the restoration of cellular immune function, which
is not feasible for many patients.® Several approaches for the treatment of PML,
including the use of antiviral medications and mirtazapine, have been tested, with
poor results.?

Both JC virus and BK virus (named after patients in whom they were detected)
belong to the Polyomaviridae family.’ BK virus causes nephritis and cystitis in patients
who have undergone stem-cell transplantation and in recipients of transplanted
solid organs. Several groups, including ours, have successfully used viral-specific
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T cells to treat BK virus infection after stem-cell
transplantation.!® Because BK virus and JC virus
are genetically similar to one another and share
a number of immunogenic proteins with a sub-
stantial degree of sequence homology, such as
the large tumor antigen, small tumor antigen,
and the capsid proteins VP1, VP2 and VP31
we hypothesized that T cells developed against
BK virus may also be effective against JC virus
infection.

Here, we report the results of using third-
party—produced, cryopreserved, most closely HLA-
matched, BK virus—specific T cells to treat three
patients with PML. These three patients are the
only patients we have treated with this approach
to date.

CASE REPORTS

Patient 1 was a 32-year-old woman who under-
went double cord-blood transplantation with my-
eloablative conditioning for FLT3-positive acute
myeloid leukemia that was in first remission.
Immunosuppression was discontinued 7 months
after transplantation. At 20 months after trans-
plantation, 13 months after discontinuation of
prophylaxis for graft-versus-host disease, she pre-
sented with weakness on her left side, slurred
speech, and confusion. She had dysarthria, a
severely ataxic gait, and an inability to stand
unaided. Her CD4 cell count had been 100 to
150 per cubic millimeter since engraftment of
the stem-cell transplant. Magnetic resonance
imaging (MRI) examination of the head revealed
hyperintense signals on T,-weighted fluid-atten-
uated inversion-recovery (T,-FLAIR) images in
the middle cerebellar peduncles, left cerebel-
lum, right midbrain, right internal capsule, and
pons, findings consistent with PML (Fig. 1A,
and Table S1 in the Supplementary Appendix,
available with the full text of this article at
NEJM.org). Lumbar puncture was performed,
and a JC virus DNA load of 130 copies per mil-
liliter was found in the cerebrospinal fluid
(CSF) in association with normal cytologic find-
ings, which met the criteria for a diagnosis of
PML." Mirtazapine was administered.’® Three
weeks later, a repeat MRI showed progression
of the lesions (Fig. 1A and 1B), and the JC viral
load had increased to 700 copies per milliliter

Figure 1 (facing page). MRI before and after Infusion
of Virus-Specific T Cells.

The day numbers at the top of the panels are the days
after the first infusion. Panels A and B are from Patient 1.
Panel A shows axial T,-weighted fluid-attenuated inver-
sion-recovery (T,-FLAIR) images with hyperintensity in
both middle cerebellar peduncles extending toward the
pons (yellow arrows) and involvement of the left cerebel-
lum (red arrow). Images from day 21 to day 258 after
virus-specific T-cell infusion show reduction in the size
of the white-matter lesions and atrophic changes. The
image from day 258 shows prominence of cerebellar
sulci (red arrow) and increased size of fourth ventricle.
Panel B shows axial T;-weighted, gadolinium-enhanced
images with faint punctate and patchy cerebellar enhance-
ment present before treatment that resolved after infu-
sion. Enhancement within the middle cerebellar peduncles
is seen on both sides (yellow arrows), a finding consis-
tent with inflammatory progressive multifocal leukoen-
cephalopathy (PML). By day 21, the extent and degree
of enhancement within the middle cerebellar peduncles
had decreased. On follow-up studies, further regression
of the enhancement and consequent onset of atrophic
changes were seen. Panels C through F are from Patient 2.
Panel C shows axial T,-FLAIR images with a large left
posterior parietal white-matter lesion and punctate,
deep white-matter lesions before T-cell infusion (left)
an increase in the extent of FLAIR hyperintensity on day
11 after infusion (right), the latter possibly representing
enlargement of the lesion or vasogenic edema resulting
from an inflammatory response. Panel D shows faint
peripheral enhancement around the lesion on axial T;-
weighted imaging with gadolinium enhancement (arrows),
suggestive of immune reconstitution inflammatory
syndrome (IRIS). Panels E and F show axial T,-FLAIR
imaging and axial T;-weighted imaging with gadolinium
enhancement, respectively, of multifocal white-matter
disease, including in the splenium and the periventric-
ular white matter. There was progression of imaging
findings from day 11 to day 39 with increased T,-FLAIR
hyperintensity and enhancement involving the splenium
and the periventricular white matter (arrows), findings
consistent with IRIS. Panels G through J are from Pa-
tient 3. Panel G shows axial T,-FLAIR images of several
Ty-hyperintense foci in the subcortical white matter of
the right parietal lobe that increased in size as a result
of IRIS after T-cell infusion on day 26 (arrows) and de-
creased in size as a result of decreased edema by day 119.
Panel H shows axial T;-weighted images with gadolinium
contrast in which increased enhancement (arrows) asso-
ciated with the T,-hyperintense foci in the subcortical
white matter was seen by day 26 and resolved by day 119.
Panels | and J show progressive T,-FLAIR hyperintensity
within the pons, medulla, and cerebellar vermis that
was present from diagnosis to the time of treatment.
T,-FLAIR axial images at the pontine level (Panel I) and
at the medulla (Panel J) show decreasing T,-FLAIR hyper-
intensity and atrophic changes within the brain stem
by day 119.
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BRIEF REPORT

(Table 1). Mirtazapine treatment was discontin-
ued, and the patient was treated with BK virus—
specific T cells.

Patient 2 was a 73-year-old woman with JAK2-
positive polycythemia rubra vera that had been
treated with ruxolitinib for 8 years; she presented
with a 6-month history of progressive confusion,
expressive aphasia, blurred vision, and ataxia
(Table S1 in the Supplementary Appendix). An
MRI examination revealed parieto-occipital sub-
cortical signal abnormalities in the left cerebral
hemisphere that extended to the posterior tem-
poral lobe and, to a lesser extent, to the left
cerebellar hemisphere — findings consistent with
PML (Fig. 1C and 1D). The JC viral load in the
CSF was 230,000 copies per milliliter. Ruxolitinib
treatment was discontinued, and 2 months later,
the patient was treated with BK virus—specific
T cells.

Patient 3 was a 35-year-old man with acquired
immunodeficiency syndrome (AIDS) who had
discontinued highly active antiretroviral therapy
(HAART) 5 years earlier because of the side ef-
fects. He presented with progressive dysarthria,
dysphagia, and ataxia (Table S1 in the Supplemen-
tary Appendix). MRI examination of the head
revealed white-matter lesions in the cerebellum,
pons, medulla, and medial cerebellar hemi-
spheres, findings consistent with PML (Fig. 1G,
1H, 1I, and 1J). The CSF contained JC virus,
which was not quantified; the CD4 cell count
was 19 per cubic millimeter, and the HIV viral
load was greater than 1,500,000 copies per milli-
liter. HAART was reinitiated, and the CD4 cell
count increased to 182 per cubic millimeter and
the HIV viral load decreased to 276 copies per
milliliter. The symptoms of PML progressed over
a period of 4 months despite CD4 cell counts
remaining between 147 and 182 per cubic milli-
meter and the HIV viral load remaining low
(Table 1). A repeat MRI examination revealed
enlargement of lesions in the brain stem, cer-
ebellum, and parietal subcortical white matter
(Fig. 1G and 1H). The JC viral load in the CSF
was 4300 copies per milliliter, the CD4 cell
count was 116 per cubic millimeter, and the HIV
viral load was 66 copies per milliliter. The pa-
tient was treated with BK virus—specific T cells.

During the study, none of the patients had
medical events or opportunistic infections other
than PML. The clinical characteristics of the
patients are shown in Table 1.

METHODS

STUDY DESIGN

We performed a phase 2, protocol-driven study,
involving three patients with PML, to evaluate
whether cryopreserved, third-party—produced,
viral-specific T cells that had been designed for
the treatment of patients with BK virus infection
after stem-cell transplantation could be used to
treat PML. The patients’ CSF was examined be-
fore each infusion to measure the JC viral load.
The patients received BK virus—specific T-cell in-
fusions every 4 weeks until JC virus was cleared
from the CSF.

The bank of BK virus—specific T cells was
generated from 27 healthy donors by a method
described in the Supplementary Appendix. The
cryopreserved cells were thawed, and for each
patient, the most closely HLA-matched T-cell
line (meaning that at least one HLA-A and one
HLA-DRpB1 allele matched; see Table S2 in the
Supplementary Appendix) was selected and ad-
ministered at a dose of 2x10° T cells per kilo-
gram of body weight. The characteristics of the
infused products for each patient are shown in
Table S3 in the Supplementary Appendix.

The study was approved by the institutional
review board of the M.D. Anderson Cancer Cen-
ter, and all the patients provided written informed
consent. The study was designed by the second
and last authors. All the authors vouch for the
accuracy of reported data, analyses, and adverse
events and for the adherence of the study to the
protocol, available at NEJM.org. There was no
industry involvement in the study.

PHENOTYPING AND TRACKING OF DONOR-DERIVED,
VIRUS-SPECIFIC T CELLS

To determine the persistence of donor-derived,
virus-specific T cells in the peripheral blood and
their trafficking to the CSF, we used the mis-
match in the HLA-Bw genotype between Patient 1
(wWho was HLA-Bw4—positive) and her virus-spe-
cific T-cell donor (who was HLA-BwG—positive).
We developed a flow-chimerism assay using
fluorochrome-conjugated antibodies against HLA
groups Bw4 and Bwo. Flow cytometry was per-
formed on a BD LSRFortessa X-20 instrument,
and data were analyzed with the use of FlowJo
software, version 10.0.8 (TreeStar). The gating
strategy for the detection of HLA-BwG—positive
virus-specific T cells is shown in Figure S1 in
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the Supplementary Appendix. We also used a
40-parameter mass-cytometry panel to charac-
terize donor and recipient T cells (Table S4 in
the Supplementary Appendix).

RESULTS

CHANGES AFTER FIRST INFUSION

After the first infusion, all three patients had a
reduction in the JC viral load in the CSF; from
700 to 78 copies per milliliter in Patient 1, from
230,000 to 5200 copies per milliliter in Patient 2,
and from 4300 to 1300 copies per milliliter in Pa-
tient 3 (Table S1 in the Supplementary Appendix).
The CD4 cell counts before the T-cell infusion as
compared with the counts after the first infusion
were 153 versus 77 per cubic millimeter, 625 ver-
sus 743 per cubic millimeter, and 96 versus 111
per cubic millimeter, respectively. In Patient 1,
there was complete resolution of neurologic symp-
toms with the exception of slight dysarthria, and
a reduction in the size of the white-matter lesions
was detected on MRI examination (Fig. 1A). In
Patient 2, the neurologic symptoms and signs
stopped progressing, and findings consistent
with immune reconstitution inflammatory syn-
drome (IRIS) were seen on MRI (Fig. 1E and 1F).
Patient 3 had clinical improvement and was able
to sit unaided, which had not been possible be-
fore the infusion; he also had less dysarthria and
better coordination, and findings consistent with
IRIS were seen on MRI (Fig. 1G and 1H).

CHANGES AFTER SUBSEQUENT INFUSIONS

Patient 1 received two additional infusions, which
resulted in complete clearance of JC virus in the
CSF and resolution of clinical and imaging find-
ings. She remained asymptomatic at the most
recent follow-up, 27 months after the first infu-
sion and 24 months after the last infusion (Ta-
ble 1). Patient 2 received a second infusion that
was associated with further reduction in JC viral
load in the CSF, to 800 copies per milliliter; her
symptoms and signs remained static, but there
was no improvement in clinical status or findings
on imaging, and she pursued hospice care and
died 8 months after the first infusion (Table 1).
Patient 3 received three additional infusions, which
were followed by complete clearance of JC virus
in the CSF. The patient regained independent
mobility, and there was a reduction in the size

Figure 2 (facing page). Homing of Donor-Derived
HLA-Bwé6—-Positive T Cells to the Cerebrospinal Fluid
(CSF) after Infusion in Patient 1.

Panel A shows donor BK virus—specific CD4 and CD8
T cells in the peripheral blood (top graph) and CSF
(bottom graph) on day 14 after infusion, detected by
multiparameter flow cytometry. Donor-derived T cells
are identified by flow cytometry as HLA-Bw6—positive
(indicated by the blue dashed oval in the histograms
on the left). Natural killer (NK) cells were included as
HLA-Bw6—negative controls. The contour fluorescence-
activated cell sorting (FACS) plots on the right reflect
gating on HLA-Bw6—positive cells and show the CD4
and CD8 T-cell subset frequencies in the peripheral
blood and in the CSF. Horizontal black bars (in plots
on the left) and squares (in plots on the right) delin-
eate the cell populations of interest according to the
indicated surface marker expression, and the adjacent
numbers are the relative frequencies of these popula-
tions. Panel B shows the course of JC virus DNA load
(yellow line), measured by quantitative polymerase
chain reaction, together with percentages of HLA-Bw6—
positive donor CD4 (blue bar) and CD8 (red bar) T cells
in the CSF at multiple time points after T-cell infusion,
detected by multiparameter flow cytometry, with dis-
appearance of the viral DNA in the CSF in response to
therapy. Recipient T cells are HLA-Bw6—negative.

of MRI signal changes (Fig. 11 and 1J). Nine
months after the first infusion, the patient was
able to walk with a cane and had minimal dys-
arthria (Table 1).

ADVERSE EVENTS

No infusion-related reactions occurred. Patient 2
had MRI evidence of IRIS after the first infusion,
without clinical manifestation. Patient 3 had
worsening numbness and ataxia 1 week after the
first infusion, which resolved within 2 weeks.
An MRI examination revealed new enhancement
overlying the pons and the superior cerebellum,
a finding suggestive of IRIS. A description of the
adverse events is provided in Table S5 in the
Supplementary Appendix.

PERSISTENCE AND TRAFFICKING OF DONOR T CELLS
TO THE CSF IN PATIENT 1

The HLA-Bw mismatch between Patient 1 and her
T-cell donor allowed us to study the trafficking
of virus-specific T cells to the CSF. Both cord
units used in her transplantation were HLA-
Bwo6—negative, whereas the virus-specific T cells
were HLA-Bw6—positive (Table S2 in the Supple-
mentary Appendix). The population of donor
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virus-specific T cells grew to 294 times its origi-
nal size in the peripheral blood by 14 days after
the first infusion, and approximately 20% of the
patient’s CD3 cells in the CSF were of donor
origin, which suggested that successful transit
of virus-specific T cells to the central nervous

system was occurring (Fig. 2A). Donor virus-
specific T cells with an effector memory pheno-
type were detected in the recipient’s CSF for at
least 250 days (Fig. 2B, and Fig. S2 in the Supple-
mentary Appendix), which suggested that acti-
vated type 1 helper T cells homed to the CSF.
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Mass cytometry performed with blood sam-
ples that were obtained at multiple time points
after adoptive transfer showed that the donor
virus-specific T cells were predominantly CD4
cells and that they expanded and differentiated
in vivo to give rise to multiple subpopulations
with phenotypic characteristics of both memory
and activated T cells, a finding consistent with
an antiviral response (Figs. S3 and S4 in the Sup-
plementary Appendix). We verified that BK virus—
specific T cells recognize JC virus (Fig. S5 in the
Supplementary Appendix) and identified indi-
vidual epitopes, against which the virus-specific
T cells are directed (Table S6 in the Supplemen-
tary Appendix).

DISCUSSION

In this proof-of-principle study, we took advantage
of shared epitopes among the members of the
Polyomaviridae family by using third-party, ex vivo—
expanded, virus-specific T cells directed against
BK virus to treat three patients with PML. In one
patient, ruxolitinib treatment was discontinued
when PML became evident, but there was contin-
ued neurologic deterioration. In the patient with
HIV infection, HAART was initiated after the
diagnosis of PML, and the CD4 cell count in-
creased, but his clinical condition worsened. A
role for the recovery of inherent immune re-
sponse as the cause of clinical improvement in
patients with PML cannot be ruled out, but im-
provement in all three patients coincided with
virus-specific T-cell infusion. After infusion of
virus-specific T cells, Patients 1 and 3 had
clinical improvement in association with the dis-
appearance of JC virus from the CSF. These
responses occurred despite persistent T-cell im-
munodeficiency, which supports the possibility
that the response was mediated by the adop-
tively infused virus-specific T cells. Patient 2 had
a 2.5-log reduction in the JC viral load and a
cessation of the progression of symptoms of
PML; however, because of her neurologic dis-
ability, she chose to enter hospice and died
there. In view of the viral response, the lack of
clinical recovery in this patient may have been
related to irreversible central nervous system
damage from PML or to an inadequate effect of
the virus-specific T-cell treatment.

The development of IRIS in two of the pa-
tients suggests that the inflammatory response

to the infection may have been induced by the
infused T cells, since the T-cell infusion did not
alter absolute T-cell counts in peripheral blood.
Moreover, there was no enhancement of white-
matter lesions seen on MRI at the time of diag-
nosis of PML, and IRIS initially manifested
as enhancement in imaging performed within
4 weeks after the first T-cell infusion.

We confirmed trafficking of the infused virus-
specific T cells to the central nervous system, as
reflected by the surrogate of their appearance in
the CSF of Patient 1, in whom HLA-BwG6—positive
donor T cells persisted in the CSF for more than
250 days. This finding shows that third-party
HLA-mismatched allogeneic T cells can cross
the blood-brain barrier, survive, proliferate, and
putatively mediate an antiviral response. More-
over, we verified that BK virus—specific T cells
recognize JC virus, and we identified individual
epitopes against which they are directed. These
immunogenic epitopes were predominantly HLA
class II-restricted. The infused cells may have
survived because of the underlying immunosup-
pressed state in these patients.

Although the infused virus-specific T cells
were only partially HLA matched to the patient,
we did not observe graft-versus-host disease in
these patients, as has previously been reported
in association with this therapeutic approach.'*?
The use of ex vivo—expanded, cryopreserved, and
banked virus-specific T cells allows for the rapid
selection of virus-specific T cells on the basis of
the most closely HLA-matched third-party donor.
An alternative approach would be to generate
autologous or allogeneic HLA-matched virus-
specific T cells.’® However, the generation of a
patient-specific product could impede wide-
spread clinical use, and it is not always possible
to generate T cells from patients who have
marked immunosuppression. The use of cyto-
kines (interleukin-2 and -7)**?° and vaccines? has
been tried as treatment for PML. However, their
efficacy depends on the presence of precursor
JC virus—specific T cells, and the time required
to induce an effective T-cell response may limit
clinical recovery.

Third-party—produced, “off-the-shelf,” partially
HLA-matched, BK virus—specific T cells may serve
as therapy for PML. Further study in a larger
group of patients is required to determine the
success rate, durability, and longer-term adverse
events associated with this treatment.

N ENGLJ MED 379;15 NEJM.ORG OCTOBER 11, 2018

The New England Journal of Medicine
Downloaded from nejm.org on October 10, 2018. For personal use only. No other uses without permission.
Copyright © 2018 Massachusetts Medical Society. All rights reserved.



Supported in part by an M.D. Anderson Cancer Center AML
Moonshot Grant. The flow studies were supported by a grant
from the National Institutes of Health (5SR01CA061508-21) to
Drs. Rezvani and Shpall and were performed in the Flow Cytom-

BRIEF REPORT

etry and Cellular Imaging Facility, which is supported in part by

the National Institutes of Health through a support grant to
M.D. Anderson Cancer Center (CA016672).

Disclosure forms provided by the authors are available with
the full text of this article at NEJM.org.

REFERENCES

1. Padgett BL, Walker DL, ZuRhein GM,
Eckroade RJ, Dessel BH. Cultivation of
papova-like virus from human brain with
progressive multifocal leucoencephalopa-
thy. Lancet 1971;1:1257-60.

2. Zurhein G, Chou SM. Particles resem-
bling papova viruses in human cerebral
demyelinating disease. Science 1965;148:
1477-9.

3. Tan CS, Koralnik IJ. Progressive multi-
focal leukoencephalopathy and other dis-
orders caused by JC virus: clinical features
and pathogenesis. Lancet Neurol 2010;9:
425-37.

4. Kharfan-Dabaja MA, Ayala E, Greene
J, Rojiani A, Murtagh FR, Anasetti C. Two
cases of progressive multifocal leukoen-
cephalopathy after allogeneic hematopoi-
etic cell transplantation and a review of the
literature. Bone Marrow Transplant 2007;
39:101-7.

5. Schwab N, Schneider-Hohendorf T,
Melzer N, Cutter G, Wiendl H. Natalizu-
mab-associated PML: challenges with in-
cidence, resulting risk, and risk stratifica-
tion. Neurology 2017;88:1197-205.

6. Molloy ES, Calabrese LH. Progressive
multifocal leukoencephalopathy: a nation-
al estimate of frequency in systemic lupus
erythematosus and other rheumatic dis-
eases. Arthritis Rheum 2009;60:3761-5.

7. Ferenczy MW, Marshall LJ, Nelson CD,
etal. Molecular biology, epidemiology, and
pathogenesis of progressive multifocal leu-
koencephalopathy, the JC virus-induced
demyelinating disease of the human brain.
Clin Microbiol Rev 2012;25:471-506.

8. Pavlovic D, Patera AC, Nyberg F, Ger-
ber M, Liu M. Progressive multifocal leuko-
encephalopathy: current treatment options
and future perspectives. Ther Adv Neurol
Disord 2015;8:255-73.

9. Barbanti-Brodano G, Sabbioni S, Mar-
tini F, Negrini M, Corallini A, Tognon M.
BK virus, JC virus and Simian Virus 40
infection in humans, and association with
human tumors. Adv Exp Med Biol 2006;
577:319-41.

10. Tzannou I, Papadopoulou A, Naik S,
et al. Off-the-shelf virus-specific T cells to
treat BK virus, human herpesvirus 6, cyto-
megalovirus, Epstein-Barr virus, and ade-
novirus infections after allogeneic hema-
topoietic stem-cell transplantation. J Clin
Oncol 2017;35:3547-57.

11. Krymskaya L, Sharma MC, Martinez
J, et al. Cross-reactivity of T lymphocytes
recognizing a human cytotoxic T-lympho-
cyte epitope within BK and JC virus VP1
polypeptides. J Virol 2005;79:11170-8.

12. Cantalupo P, Doering A, Sullivan CS,
et al. Complete nucleotide sequence of
polyomavirus SA12. J Virol 2005;79:13094-
104.

13. LiJ, Melenhorst J, Hensel N, et al. T-cell
responses to peptide fragments of the BK
virus T antigen: implications for cross-
reactivity of immune response to JC virus.
J Gen Virol 2006;87:2951-60.

14. Koralnik IJ, Du Pasquier RA, Kuroda
M]J, et al. Association of prolonged sur-
vival in HLA-A2+ progressive multifocal
leukoencephalopathy patients with a CTL
response specific for a commonly recog-

nized JC virus epitope. J] Immunol 2002;
168:499-504.

15. Berger JR, Aksamit AJ, Clifford DB,
et al. PML diagnostic criteria: consensus
statement from the AAN Neuroinfectious
Disease Section. Neurology 2013;80:1430-8.
16. Verma S, Cikurel K, Koralnik IJ, et al.
Mirtazapine in progressive multifocal
leukoencephalopathy associated with poly-
cythemia vera. J Infect Dis 2007;196:709-
11.

17. Leen AM, Bollard CM, Mendizabal
AM, et al. Multicenter study of banked
third-party virus-specific T cells to treat
severe viral infections after hematopoietic
stem cell transplantation. Blood 2013;
121:5113-23.

18. Balduzzi A, Lucchini G, Hirsch HH,
et al. Polyomavirus JC-targeted T-cell ther-
apy for progressive multiple leukoencepha-
lopathy in a hematopoietic cell transplan-
tation recipient. Bone Marrow Transplant
2011;46:987-92.

19. Alstadhaug KB, Croughs T, Henriksen
S, etal. Treatment of progressive multifocal
leukoencephalopathy with interleukin 7.
JAMA Neurol 2014;71:1030-5.

20. Kunschner L, Scott TF. Sustained re-
covery of progressive multifocal leukoen-
cephalopathy after treatment with IL-2.
Neurology 2005;65:1510.

21. Sospedra M, Schippling S, Yousef S,
et al. Treating progressive multifocal leu-
koencephalopathy with interleukin 7 and
vaccination with JC virus capsid protein
VP1. Clin Infect Dis 2014;59:1588-92.
Copyright © 2018 Massachusetts Medical Society.

N ENGLJ MED 379;15 NEJM.ORG OCTOBER 11, 2018

The New England Journal of Medicine
Downloaded from nejm.org on October 10, 2018. For personal use only. No other uses without permission.
Copyright © 2018 Massachusetts Medical Society. All rights reserved.

1451



