
Journal of NeuroVirology, 12: 116–128, 2006
c© 2006 Journal of NeuroVirology
ISSN: 1355-0284 print / 1538-2443 online
DOI: 10.1080/13550280600716604

Characterization of lymphocytic infiltrates
in progressive multifocal leukoencephalopathy:
Co-localization of CD8+ T cells with JCV-infected
glial cells
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We characterized inflammatory infiltrates in archival brain biopsy and au-
topsy samples from 26 HIV+ and 20 HIV− patients with progressive multifo-
cal leukoencephalopathy (PML). The predominant inflammatory cells were
CD8+ T lymphocytes. We defined CD8+ T cell distribution with regard to
JCV-infected glial cells, PML lesions and the extent of demyelination. In most
samples from either HIV+ and HIV− patients, we found positive correla-
tions between the parenchymal CD8+ T cells and JCV-infected glial cells and
conversely, negative correlations between the perivascular CD8+ T cells and
JCV-infected glial cells in the surrounding brain. Most of these correlations
remained significant after accounting for the degree of demyelination and
location of the cells relative to lesions. Moreover, high numbers of CD8+ T
cells were found within and at the border of active PML lesions. These re-
sults suggest that CD8+ T cells are primarily associated with JCV-infected
glial cells in most PML cases and that an active ongoing recruitment of CD8+
T cells and possibly viral antigen-specific retention could occur. These obser-
vations are discussed in the context of the recent evidence of PML in multi-
ple sclerosis and Crohn’s patients treated with natalizumab, underscoring the
role of CD8+ T lymphocytes in continued immunosurveillance of the CNS.
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Introduction

Progressive multifocal leukoencephalopathy (PML)
(Astrom et al, 1958) is a deadly opportunistic infec-
tion of the central nervous system (CNS), caused by
the polyomavirus JC (JCV) (Padgett et al, 1971). Anti-
JCV antibodies are present in approximately 85% of
healthy adults. Primary infection with JCV is asymp-
tomatic, but its reactivation in the setting of immuno-
suppression can induce a lytic infection of oligo-
dendrocytes. Although it was initially described as
a rare infection in patients with chronic lympho-
cytic leukemia (CLL), lymphomas or organ transplant
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recipients, patients with AIDS now account for more
than 80% of all PML cases (Koralnik et al, 2004).
There is no treatment for JCV and the prognosis
of PML is poor. At the beginning of the HIV epi-
demic, only 9% of AIDS patients with this disease
survived more than a year (Berger et al, 1998). Since
the introduction of highly active antiretroviral ther-
apy (HAART), this number has increased to approx-
imately 50% (Antinori et al, 2003).
The histopathological characteristics of brains of

patients with PML include single or multiple areas of
demyelination containing: a) JCV-infected oligoden-
drocytes with enlarged amphophilic nuclei located
at the periphery of the lesions; b) reactive gliosis,
with enlarged, bizarre astrocytes, some sustaining
a restrictive, non-lytic JCV infection and c) an in-
flammatory response largely composed of lipid-laden
macrophages phagocytosing myelin and cellular de-
bris. Despite the abundance of JC virions in PML
lesions, a lymphocytic infiltrate has been shown in
only one study in HIV-infected patients (Aksamit
et al, 1990). It is unclear whether these cells repre-
sent only a coincident response to HIV, rather than
to JCV. Furthermore, the composition of these infil-
trates has not been studied in detail. Better knowl-
edge of the immune response that is active within le-
sions of PML is urgently needed in light of the recent
development of PML in two patients with multiple
sclerosis (MS) and one with Crohn’s disease treated
with natalizumab, a novel immunomodulatorymedi-
cation which prevents migration of lymphocytes and
monocytes in the brain parenchyma (Berger and Ko-
ralnik, 2005; Drazen, 2005; Kleinschmidt-Demasters
andTyler, 2005; Langer-Gould et al, 2005; VanAssche
et al, 2005).
The authors have explored the cellular immune

response in PML in blood, and have characterized
JCV-specific CD8+ cytotoxic T lymphocytes (CTL)
(Du Pasquier et al, 2003; Koralnik et al, 2002; Ko-
ralnik et al, 2001). They have shown that these CTL
play a crucial role in the containment of JCV early in
disease, and that their presence is associated with
prolonged survival and a more favorable clinical
outcome (Du Pasquier et al, 2004).Whether such JCV-
specific CD8+ T cells can also be found in the CNS
of PML patients and function to control virus is un-
known. This is due in part to the inability to use JCV
MHCclass I tetrameric complexes to identify JCV spe-
cific CD8+ T cells in formalin fixed or frozen pathol-
ogy tissues. In addition, until recently, direct staining
of CD8+ T cells in formalin-fixed, paraffin-embedded
samples has also been technically challenging (Kim
et al, 2004) although rare PML cases have been re-
ported with substantial inflammatory infiltrates and
a more protracted clinical course (Richardson and
Johnson, 1975).
Using amulti-layer image analysis, we found a pre-

dominance of CD8+ T cells adjacent to and within
PML lesions. Furthermore, we found a significant as-
sociation of CD8+ T cells with JCV-infected cells in

the brain parenchyma in HIV+ and HIV− individu-
als with PML. Lastly, in active PML lesions we found
CD8+ T cells on the lesion border. These results sug-
gest that these cells not only are on the active edge of
the lesion with JCV-infected cells, but that they may
possibly also contribute to containment of disease
progression.

Results

Characterization of inflammatory infiltrates
in PML lesions
We studied the phenotype of inflammatory cells in
PML lesions in 31 PML cases from 25 HIV+ and 6
HIV− patients. In HIV+ patients and HIV− patients
without CLL, lymphocytic infiltrates in PML lesions
(Figure 1A and B) were predominantly CD3+ T cells
(99% of cells) (Figure 1C and D), whereas CD20+ B
cells were only rarely seen (<0.1% of cells, data not
shown). IHC performed on serial sections showed
that the majority of CD3+ T cells (99%) were also
CD8+ (Figure 1C and D), whereas CD4+ T cells were
absent or infrequent (<0.1%of cells, data not shown),
similar to our observations in SIV-infected animals
(Kim et al, 2004). For this reason, subsequent quan-
titative analysis was performed only on CD8+ T cells
and JCV-infected cells.
Three HIV− PML patients with CLL had large

perivascular cuffs of inflammatory cells (Figure 2A).
Double and triple IHC experiments showed that 75–
99% of these cells were CD20+ B cells (Figure 2B and
D), consistent with the patient’s leukemia, while the
other lymphocytes were CD8+ T cells (Figure 2C). In
the parenchyma of the same patients, CD20+ B cells
accounted for less than 1% of the total lymphocytes
(Figure 2B and D), and the main lymphocyte pop-
ulation were CD8+ T cells (Figure 2C). Double IHC
experiments showed that all JCV-infected cells (blue
staining in Figure 2B–D) were in the parenchyma,
and none were in perivascular cuffs.
In 25 HIV+ patients with PML, the proportion of

CD20+ B cells located in small perivascular cuffs was
less than 10% in 4 cases, less than 1% in 6 cases and
absent in the 15 remaining cases. In the parenchyma,
CD20+ B cells accounted for less than 1% of lympho-
cytes. These results demonstrated that CD8+ T cells
are the major lymphocyte subsets in the brain lesions
of both HIV+ and HIV−individuals with PML.

Quantitative observations
Having determined that CD8+ T cells are the major
inflammatory cell type in PML lesions, we sought
to characterize their topographic localization with
regard to JCV-infected cells to study the possibility
that such cells have trafficked to and remained in the
CNS, perhaps in an antigen-specific manner. Since
it is not possible to use MHC class I tetramers in
fixed tissue to obtain direct evidence of the speci-
ficity of CD8+ Tcells for JCV,weused the proximity of
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Figure 1 CD8+ T cells are the main lymphocyte cell type in the PML lesions of an HIV+ individual. A single demyelinated lesion can be
seen with hematoxylin and eosin (H&E) stain and Luxol Fast blue (LFB) (Panel A, bar: 100 μm). In panel B, double staining with anti CD8
ab and anti polyomavirus ab (with hemotoxylin counterstainig of nuclei) reveals numerous CD8+ cells (brown cells with purple nuclei,
arrows) around JCV-infected cells (blue nuclear and/or cytoplasmic staining, arrowheads; bar: 100 μm). The box shows the area studied
at high magnification on contiguous slides in panels C-F. The results of double staining experiment with anti CD3 (purple) and CD8 abs
(blue) indicate that most CD3+ cells were also CD8+ (purple cells with variable amount of blue overlay, arrows) (Panel C; bar 10 μm).
Single staining experiment with anti CD3 Ab (purple cells with blue, hematoxylin counterstained nuclei, arrows) (Panel D, bar: 10 μm)
and anti CD8 Ab (purple cells with blue, hematoxylin counterstained nuclei, arrows) (Panel E, bar: 10 μm) showed similar results in cell
frequencies and location. The proximity of CD8+ T cells (brown cells with purple nuclei, arrows) and JCV-infected cells (blue nuclear
and/or cytoplasmic staining, arrowheads) is shown in Panel F (bar: 10 μm).

CD8+ T cells to JCV-infected cells as indirect, correl-
ative evidence of their antigenic specificity. For this,
we devised a multi-layer image analysis (Figure 3).
Patients and specimen characteristics used for

quantitative observations are shown in Table 1. We
first compared CD8+ T cells within the CNS of
PML patients and controls taking into account both
parenchymal and vessel-associatedCD8+ T cells. The

median densities of CD8+ T cells in the control au-
topsy specimens from patients with PML were more
than 10 times themediandensities of theCD8+ Tcells
in the autopsy specimens without PML (p= 0.0006,
Table 2). This highly significant difference was pri-
marily due to a lower density of CD8+ T cells in
the parenchyma in the controls (p = 0.0004, Ta-
ble 2) rather than a lower density of vessel-associated
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Figure 2 CD20+ B cells are located in perivascular cuffs and CD8+ T cells in PML lesions of an HIV− patient with CLL. A demyelinated
area containing some vessels surrounded by perivascular cuffs (arrows) can be seen with H&E stain and Luxol Fast blue (LFB) (Panel
A, bar: 100 μm). In panel B, double staining experiment with anti CD20 Ab and anti polyomavirus antibody reveals that most CD20+ B
cells (brown, arrows) are located in the perivascular cuffs, and that only a few are present in the parenchyma (blue, arrowheads) (bar:
100 μm). Conversely CD8+ T cells (purple, arrows) are more rare in the perivascular cuffs, but can be seen in higher numbers in the
parenchyma, where most JCV-infected cells (blue, arrowheads) are also located (panel C, bar: 100 μm). In panel D (bar: 100 μm) triple
staining experiment allows concomitant visualization of perivascular CD20+B cells (brown, short arrows), parenchymatous CD8+ T cells
(purple, long arrows) and JCV-infected glial cells (blue, arrowheads).

CD8+ T cells (p= 0.04, Table 2). The control autopsy
specimens are omitted from the rest of these analyses.
Themedian density of the CD8+ T cells in the biop-

sies, from both HIV− and HIV+ PML patients, was
about 2 times higher than the autopsies (Table 2),
mainly because the squares with no JCV-infected
cells and no CD8+ T cells were included in the fre-
quency calculation and all the autopsies but only
some of the biopsies contained grid squares with zero
CD8+ Tcells (p= 0.0001).Among the autopsies, there

was no significant difference betweenHIV+ andHIV−
PML patients in CD8+ T cell densities (p= 0.77, Ta-
ble 2). The biopsies from HIV+ PML patients had
larger CD8+ T cell densities than the biopsies from
HIV− PML patients, which did not reach statistical
significance (p= 0.06, Table 2).
We then examined the densities of JCV-infected

cells and CD8+ T cells in the parenchyma of the au-
topsy specimens according to their location in the
PML lesions and to the degree of demyelination. We
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Figure 3 Multi-layer topographic mapping of JCV-infected cells and CD8+ T cells in an HIV+ individual with PML. First layer: low
resolution image (1200 dpi scan) from a section stained with luxol fast blue (LFB) and hematoxylin and eosin (H&E) showing the
architecture of the tissue and the extent of demyelination. Second layer: high resolution (1.185 pix/μm) montage of approximately 300
contiguous pictures spanning an entire slide stained by IHC for polyomavirus Ab and CD8 and counterstained with LFB, showing the
distribution of the JCV-infected and CD8+ T cells of the sampled area. Third layer: 600 × 600 μm (711 × 711 pixels) square grid covering
the sampled area. Characteristic samples of squares localized inside, at the border, or outside of the areas of demyelination are showed as
insets; Blue arrows, JCV-infected cells; brown-red arrowheads, CD8+ T cells associatedwith blood vessels; brown-red arrows, CD8+ T cells
located in the parenchyma. GWJ, Gray-white junction; WM, white matter; GM, gray matter (bar: 1 mm).

found that the density of both cell types tended to in-
crease going towards the lesions (Figure 4). In areas of
low demyelination, the densities of CD8+ T cells and
JCV-infected cells were slightly higher in the squares
that are less than 1.8 mm distant from the PML le-
sions compared with the squares that are more than
1.8 mm distant from the lesions and the densities
of CD8+ T cells and JCV-infected cells were signif-
icantly higher in the squares at the border of the le-

sions compared with the squares that are less than
1.8 mm distant from the PML lesions. (A 1.8 mm dis-
tance is the length of 3 grid squares). However in ar-
eas of high demyelination there was no difference
in the CD8+ T cell densities at the border and in-
side of PML lesions and there was a non-significantly
lower density of JCV-infected cells inside compared
with the border of PML lesions. Finally, at the bor-
der of the PML lesions, the density of CD8+ T cells
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Table 1 Patient and specimen characteristics

All specimens Autopsies Biopsies

N Percent N Percent N Percent

All 46 100 30 100 16 100
Specimen type
Autopsy 30 65 30 100 — —
Biopsy 16 35 — — 16 100

HIV
Negative 20 43 9 30 11 69
Positive 26 57 21 70 5 31

Disease
Active 37 80 24 80 13 81
Inactive 5 11 3 10 2 13
Incidental 2 4 2 7 0 0
Unknown 2 4 1 3 1 6

Sex
Male 29 63 20 67 9 56
Female 9 20 3 10 6 38
Unknown 8 17 7 23 1 6

Age
30–39 10 22 8 27 2 13
40–49 12 26 8 27 4 25
50–59 6 13 3 10 3 18
60–79 7 15 2 7 5 31
Unknown 11 24 9 30 2 13

Race
White 10 22 7 23 3 19
Black 9 20 8 27 1 6
Hispanic 1 2 1 3 0 0
Unknown 26 57 14 47 12 75

JCV staining method
In situ hybridization 18 39 17 57 1 6
Immunohistochemistry 28 61 13 43 15 94

was significantly greater (p= 0.03) and the density of
JCV-infected cells was not significantly greater in the
squares located in highly demyelinated areas than in
the squares located in low demyelination areas (data
not shown in Figure 4).

Topographical relationship of CD8+ T cells and
JCV-infected cells
We then examinedwhether CD8+ T cells co-localized
with JCV-infected cells in the PML lesions. Table 3
summarizes, within each patient the Spearman rank
correlation coefficients of the number of JCV-infected
cells and CD8+ T cells. This analysis was performed
in each grid square with at least one CD8+ T cell
or one JCV-infected cell. Positive correlations

Table 2 Median CD8+ T cells densities (number of cells/mm2) of HIV+ andHIV− patients. The results of the exact (permutation)Wilcoxon
sign rank tests are shown in brackets

Sample Sero status N All CD8 Parenchymal Perivascular

Autopsies PML+
HIV− 9 18.6
HIV+ 21 18.9
Total 30 18.7 16.2 3.3

}
P = 0.77

PML−

Total 5 1.6 0.09 1.3
Biopsies PML+

HIV− 11 28.1

}
P = 0.0006

HIV+ 5 111.6
Total 16 35.2

}
P = 0.06

⎫⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎭
P = 0.02

}
P = 0.0004

}
P = 0.04

between JCV-infected cells and CD8+ T cells (total or
parenchymal CD8+ T cells in autopsies) were found
in 80-83% of the patients (Table 3). They were signif-
icantly positive in 76% or more of the autopsy spec-
imens. Positive correlations between JCV-infected
cells and CD8+ T cells were present in 75% of biop-
sies but the number of grid squares in the samples
were not large enough to have reasonable power for
the significance test (Table 3).
Conversely, when perivascular CD8+ T cells were

considered, negative correlations were found be-
tween these CD8+ T cells and JCV-infected cells in
the surrounding parenchyma in 76% of autopsy sam-
ples (Table 3), a significant difference compared to the
mostly positive correlations between JCV-infected
cells and parenchymal CD8+ T cells (p < 0.0001).
There were no significant differences between HIV+
and HIV− patients regardless of sample type and lo-
cation (Table 3).
We then explored whether patient characteristics

influenced the correlation of CD8+ T cells with JCV-
infected cells. We used this correlation as the depen-
dent variable in stepwise linear regressions using as
covariates patient characteristics listed in Table 1.
None of these covariates had a significant effect on
these correlations, and there was adequate power for
reasonable differences associated with HIV serosta-
tus or type of specimen (autopsy vs biopsy).
It could be argued (from data such as that shown in

Figure 4) that the positive correlations of CD8+ T cells
and JCV-infected cells are artificially large and caused
by the fact that some locations in the brain tend
to have more of both cell types. To verify that the
correlations were due to a true co-localization of
CD8+ T cells with JCV-infected cells, and not to
an effect of location and/or demyelination, a Pois-
son regression for parenchymal CD8+ T cells was
done treating the number of JCV- infected cells in
a grid square, the location and the demyelination
of the grid square all as possible explanations for
the number of CD8+ T cells in the square. In this
model, 83% (19/23) of the specimens with signifi-
cantly positive Spearman rank correlations had a sig-
nificantly (p< 0.05) positive relation of the two cell
types.
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Figure 4 Densities (number of cells/mm2) of CD8+ T cells (panel A) and JCV-infected cells (panel B) at various locations. Statistical
comparisons of cells frequencies were done by pairs of location (>1.8 mm versus <1.8 mm away from lesion, <1.8 mm versus at the
border of the lesion, at the border versus inside of the lesion). Only patients who had at least 20 squares in each location under comparison
were included in the tests. The results (p) and the number of patients (n) available for eachWilcoxon sign rank statistical test are indicated.
Error bar: interquartile range (IQR).

Overall HIV+ cases did not differ significantly from
HIV− cases in Spearman rank correlations or model
results. Representative examples of CD8+ T cells sur-
rounding JCV-infected cells are shown in Figure 5.

Discussion

It is known that T lymphocytes play a crucial
role in the immune control of viral infections, but

Table 3 Summary of the Spearman correlations coefficients (CC)
obtained for JCV-infected cells and all CD8+ T cells, parenchymal
and perivascular CD8+ T cells, in autopsies and biopsies of HIV+

and HIV− patients. In each case, the squares containing no JCV-
infected cells and no CD8+ T cells (0/0 squares) are omitted from
the calculations. The level of significance (Sig) is 0.05 (p < 0.05).

CC between % Sig % Sig
Sample JCV and CD8 Sero status N Pos CC Neg CC

Autopsies All CD8 Total 30 77 10
HIV+ 21 76 10
HIV− 9 78 11

Parenchymal Total 30 77 10
CD8 HIV+ 21 76 10

HIV− 9 78 11
Perivascular Total 30 3 57
CD8 HIV+ 21 5 53

HIV− 9 0 67
Biopsies All CD8 Total 16 25 0

HIV+ 5 0 0
HIV− 11 36 0

their distribution in PML lesions has not been pre-
cisely examined. Our qualitative studies indicate that
CD8+ T cells are the major lymphocyte type present
in PML lesions of both HIV+ and HIV− patients. In
the latter group, this was the case even in CLL pa-
tients that had high numbers of CD20+ B cells in
perivascular cuffs but only a few in the parenchyma.
These results are particularly significant since we
have demonstrated that JCV-specific CTL are found
in the blood and CSF of PML survivors (Du Pasquier
et al, 2003; Koralnik et al, 2002; Du Pasquier et al,
2004), and since their early presence after disease
onset is associated with control of PML (Du Pasquier
et al, 2004). Because there is no specific treatment for
JCV,medications aiming at increasing the cellular im-
mune response against this virus may be instrumen-
tal in containing JCV replication and may improve
the clinical outcome of patients with PML. However
this type of therapy would only succeed if activated
CD8+ T cells are able to penetrate the CNS and de-
stroy virus-infected glial cells.
Prior to embarking on such treatment studies, a

prerequisite is to determine whether CD8+ T cells
can recognize JCV-infected cells in the brain, de-
spite the high degree of immunosuppression of PML
patients. Therefore, we explored the co-localization
of CD8+ T cells and JCV-infected cells in PML le-
sions, as an indirect estimation of antigen speci-
ficity of CD8+ T cells. Our results show that in
most PML patients, regardless of HIV serology status,
CD8+ T cells are topographically distributed around
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Figure 5 Close co-localization of CD8+ T cells with JCV-infected cells can be observed in many HIV− (panels A, bar: 100 μm & C, bar: 10
μm) and HIV+ individuals (panel B, bar: 10 μm). Double staining with anti CD8 and anti polyomavirus abs reveals numerous CD8+ T cells
(brown, arrowheads) aggregating around few JCV-infected cells (blue, arrows). Some CD8+ T cells are in direct contact with JCV-infected
cells (panel C). Such aggregates of CD8+ T cells and JCV-infected cells can be found throughout the CNS white matter of PML patients.

JCV-infected cells in PML lesions, even when the
effects of demyelination and location are removed,
suggesting that CD8+ T cells may be retained in
the CNS in an antigen-specific fashion. Further-
more, the fact that the correlations between JCV-
infected cells are mostly positive with CD8+ T cells
in the parenchyma and mostly negative with vessel-
associated CD8+ T cells is consistent with an active
inflammatory process: the CD8+ T cells remained
in the vessels and/or perivascular cuffs when away
from PML lesion, but spread into the parenchyma

whenwithin the proximity of JCV-infected cells. This
would likely not be the case if CD8+ T cells were not
able to recognize JCV-infected cells or another asso-
ciated factor, as one would expect that they would be
either absent or randomly distributed in the brain tis-
sue, with no significant correlation with JCV-infected
cells.
In addition, our quantitative analysis indicates that

the densities of both CD8+ T cells and JCV-infected
cells are the highest at the border of the PML lesions,
while they get lower with increasing distance to the
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lesions, and that these cells are rare or absent in
the brain of healthy individuals. These results, and
the fact that the co-localization of CD8+ T cells and
JCV-infected cells are still significant when the extent
of demyelination and location are taken into account
sheds a new light on the pathogenesis of this disease.
It is known that PML lesions expand in a centrifu-
gal fashion by cell to cell transmission of JCV, ulti-
mately leaving demyelinated areas devoid of oligo-
dendrocytes in the center, while infected glial cells
are mainly located at the border of the lesions. Our
data suggest that CD8+ T cells are attracted to and
accumulate in PML lesions and especially near JCV-
infected cells. They may participate in the demyeli-
nating process, possibly by destroying JCV-infected
cells. Indeed, CD8+ T cells remain in large numbers
in the center of the lesions, especially in areas of
highdemyelination, and inmany active lesions, these
CD8+ T cells are found on the lesion edge, suggesting
that they are seemingly moving out with the active
demyelinating process. Although both JCV itself and
CD8+ T cells could cause oligodendrocyte cell death,
the consequences for the patient may be quite differ-
ent. While a lytic infection of oligodendrocytes leads
to production of large numbers of JC virions and vi-
ral propagation to nearby cells, the cytolytic activity
of CD8+ T cells on infected oligodendrocytes may
occur early in the virus life cycle, before the assem-
bly of mature viral particles, thereby preventing the
spread of the disease in the CNS.Whether suchmech-
anisms are operative in vivo were not determined in
this study and we cannot rule out that, alternatively,
CD8+ T cells could be recruited in the PML lesions
by chemokines produced by JCV-infected cells, irre-
spective of their specificity. It is also possible that
the CD8+ T cells within the lesions are unable to kill
JCV-infected cells, even if they are attracted by these
cells and are perhaps able to recognize them. Indeed,
their presence in many of the samples tested did not
prevent progression of the disease to death. Proper
function of CD8+ T cells may be dependent on CD4+
T cells, which are typically depleted in the blood of
immunosuppressed individuals who develop PML,
and which were absent or rare as well in the brain
parenchyma of all our patients.
There are several limitations to this study. Be-

cause PML is a rare disease, we used archival sam-
ples collected in several institutions over more than
four decades. HAART has been shown to improve
survival in PML (Antinori et al, 2003). Of 26 HIV+
patients with PML, only 3 had been treated with
HAART, since most samples had been collected be-
fore 1996. Therefore, the effect of HAART on the co-
localization of CD8+ T cells and JCV-infected cells
could not be determined. For the same reason, our
series does not contain any specimen of PML occur-
ring in the context of immune-reconstitution inflam-
matory syndrome (IRIS) (Vendrely et al, 2005). Fur-
thermore, the number of patients who survived more
than one year or who had inactive disease at the time

of histological diagnosis was very limited. Therefore,
it is not possible to assess whether the frequency of
CD8+ T cells in PML lesions was correlated with a
better clinical outcome.
In addition, whereas autopsy samples provide

abundant material for analysis, they originate by def-
inition from patients who succumbed to PML or to
their underlying immunosuppression, and the fre-
quency of CD8+ T cells in such specimens may not
be representative of the patient’s immune response
at the onset of PML. It is therefore remarkable to find
a high percentage of positive correlations between
CD8+ T cells and JCV-infected cells in these autopsy
samples, even when we removed the effects of loca-
tion and demyelination with the Poisson regression
model.
On the contrary, staining of CD8+ T cells in biopsy

samples is indicative of the early cellular immune re-
sponse against JCV in the CNS. However, the amount
of material available in biopsies is usually very small
and the analysis is limited to a single time point. Nev-
ertheless, we found that CD8+ T cells co-localized
with JCV-infected cells in the majority of these spec-
imens. Thus, evidence from both situations repre-
sented by autopsy and biopsy suggests active, ongo-
ing CD8+ T cell responses that may be specific to JCV
in the CNS.
Another pitfall in HIV+ patients is the possible re-

cruitment of CD8+ T cells in response to other CNS
pathogens, including HIV. This was ruled out by his-
tological examination prior to the study, and by ex-
clusion of cases with positive IHC for HIV p24 Ag. In
HIV encephalopathy (HIVE) the distribution of HIV-
infected macrophages is mainly perivascular, and
CD8+ T cells aggregating around HIV-infected cells
are also distributed around the vessels (pers. observa-
tion). This perivascular distribution of CD8+ T cells
has been described in monkeys with simian im-
munodeficiency virus encephalopathy (Kim et al,
2004) and is different than the observations in our
study.
Similarly, all HIV− PML patients with leukemia

who had autopsy material available for study had
CLL, a proliferation of B lymphocytes, which were
preferentially located in perivascular cuffs. Therefore
the predominance of CD8+ T cells in the parenchyma
of these patients’ PML lesions cannot be explained by
their underlying malignancy.
Our findings underscore the importance of CD8+

T cell immunosurveillance in the prevention of JCV
reactivation. Indeed, two HIV− patients with MS and
one with Crohn’s disease recently developed PML af-
ter treatment with natalizumab, a humanized mono-
clonal antibody binding to α4 integrins on the sur-
face of lymphocytes, which prevents their normal
penetration into the brain parenchyma and in other
tissues (Berger and Koralnik, 2005; Drazen, 2005;
Kleinschmidt-Demasters and Tyler, 2005; Langer-
Gould et al, 2005; Van Assche et al, 2005). Post
mortem analysis of the brain lesions of two of them
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did not show any lymphocytic infiltrates while the
brain biopsy of the patient who survived had only
sparse lymphocytes. These data suggest that in these
patients, there were sustained CD8+ T cell-mediated
responses against JCV in the periphery, which when
interrupted resulted in the spread of the virus to the
brain. Impaired immunosurveillance in the CNSmay
have then led to the emergence of PML.
Our study is also consistent with non-invasive

studies of brain metabolism in PML lesions by pro-
ton magnetic resonance spectroscopy (1H-MRS). In-
creased myoinositol (mI), a marker of CNS inflam-
mation, was predictive of a better clinical outcome
in PML patients (Katz-Brull et al, 2004). In addition,
contrast enhancement of PML lesions on MRI, in-
dicating local inflammation and breakdown of the
blood-brain barrier, was also associated with long
term survival (Berger et al, 1998). Based on our
results, this inflammation may possibly be caused
by active destruction of JCV-infected glial cells by
CD8+ T cells early after PML onset. Immunotherapy
aimed at increasing this cellular immune response
may well limit the extent of neurological damage
caused by JCV in the CNS, while treatments limiting
antiviral immunosurveillance may lead to the reacti-
vation of JCV and the development of PML.

Material and methods

Origin of brain samples
Formalin-fixed, paraffin-embedded archival brain tis-
sue samples from 46 patients with histologically
confirmed PML were used in this study. These
materials were collected from the departments of
pathology of the Beth Israel Deaconess Medical Cen-
ter, the Brigham and Women’s Hospital, and the
Massachusetts General Hospital in Boston, and the
National NeuroAIDS Tissue Consortium (Morgello
et al, 2001) between the years 1963 to 2004. The his-
tological diagnosis of PML was established by a neu-
ropathologist (JTJ, UDG, THW and members of the
National NeuroAIDS Tissue consortium). All sam-
ples had: 1) positive detection of JCV antigen or DNA
in our laboratory, 2) no evidence of HIV encephali-
tis (HIVE) demonstrated by absence of histological
features of HIVE and HIV p24 Ag in samples from
HIV+ cases, 3) detection of at least 3 CD8+ T cells by
immunohistochemistry (IHC) and 4) detection of at
least 3 JCV-infected glial cells by in situ hybridiza-
tion (ISH) or by IHC in the selected tissue. Of 46
PML patients, 26 were HIV+. The 20 HIV− patients
with PML had the following underlying diseases: 6
CLL, 2 vascular disease (stroke), 1 chronic myeloge-
nous leukemia (CML), 1 acutemyelogenous leukemia
(AML), 1 lymphoma, 1 malignant thymoma, 1 lung
transplant recipient, 1 polymyositis and 6 patients
whose predisposing disease was not available. Au-
topsy samples from 4HIV+ without HIVE and 1 HIV−
patients without PMLwere used as controls andwere

included in the quantitative analyses with the PML
cases. In addition, 3 HIV+ patients with HIVE were
qualitatively studied.

Clinical characteristics and PML disease
classification
Detailed clinical histories were available on 44/46
cases through clinical or pathology records. (See Ta-
ble 1 for the distribution of various patient and speci-
men characteristics overall and separately for autop-
sied and biopsied patients.) There were 21 HIV+ and
9 HIV− autopsies and 5 HIV+ and 11 HIV− biopsies.
HIV− patients with PML tended to be older than the
HIV+ patients with PML (median 58 and range 36 to
79 vs. median 40 and range 30 to 53, p < 0.0001).
The PML disease was considered active or inactive
if clinical or radiological signs of disease progression
were present or absent, respectively, at the time of the
biopsy or autopsy. In 2 cases of PML the disease was
discovered at autopsy only.

Immunohistochemistry (IHC)
Antibodies: The following primary Abs were used
for this study. JCV-infected cells: Polyclonal Cy-
timune rabbit antiserum to SV40 (Lee Biomolec-
ular, San Diego, CA, 1:1000), which cross-reacts
with JCV. HIV-infected cells: Mouse anti HIV p24
(Dako, Carpinteria, CA, 1:10). Astrocytes: mouse
anti-human GFAP (Dako, 1:50) or rabbit anti-
cow GFAP (Dako, 1:2000). T lymphocytes: mouse
anti-human CD8 (NCL-CD8-295-1A5, Novocastra,
Newcastle-upon-Tyne, UK, 1:50), mouse anti-human
CD4 (NCL-L-CD4-1F6, Novocastra, 1:20), mouse anti-
human CD4 (clone 1F6, NeoMarkers, Fremont, CA),
mouse anti-human CD3 (NCL-L-CD3-PS1, Novo-
castra, 1:100). B lymphocytes: mouse anti-human
CD20cy, (Dako, 1:100).

Single and double label IHC: All tissue sections
were deparaffinized for two hours at 57◦C. The sec-
tions used for staining with anti CD4, CD8 or SV40
Abs were then treated in an electric pressure cooker
for 15 min in Trilogy solution (Cell Marque, Hot
Springs, AR) for deparaffinization, rehydration and
antigen retrieval as previously described (Kim et al,
2004). Sections used for staining with anti CD3 and
CD20 alone were deparaffinized in xylene and rehy-
drated through graded alcohols to PBS. Rehydrated
sections were then heated in microwave oven at 800
W for 20 minutes with antigen unmasking solution
(Vector, Burlingame, CA) and cooled for 20 minutes
at room temperature. For all wash steps, phosphate-
buffered saline (PBS) was used. The Envision dou-
ble stain kit (Dako) was used according to the manu-
facturer’s instructions except that longer incubation
times (30-60 minutes) were used for secondary Abs
(alkaline phosphatase and horseradish peroxidase
(HRP) labeled polymers). A protein block (Dako)
was used for 30 minutes before incubation with the
primary Abs.
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Negative controls for IHC comprised omission of
the primary Abs and use of sections from healthy
patients. For the positive controls, we used sec-
tions of HIV− and HIV+ PML patients (JCV), HIV+
patients with HIVE (p24 Ag) and tonsil sections
from healthy individuals (CD20, CD4 and CD8).
The chromogenic substrates used for alkaline phos-
phatase were NBT/BCIP (Roche, Indianapolis, IN)
or Vector©R Blue (Vector, Burlingame, CA). For HRP,
the chromogens were 3,3’-diaminobenzidine tetrahy-
drochloride (Dako), Vector©R NovaRed and Vector©R

VPI (Vector, Burlingame, CA). For HRP chromogen,
endogenous peroxidase blocking solution (Dako) was
applied during 3minutes before the protein block, ex-
cept for the CD4, where it was applied before the Tril-
ogy pretreatment. Sections were then lightly counter-
stained with luxol fast blue (LFB) stain for myelin.

Double stainings of JCV-infected cells and
CD8+ T cells done specifically for image
analyses: Since preliminary qualitative observa-
tions showed that only CD8+ T cells and JCV-infected
cells were significantly present in the PML samples,
quantification by image analysis was performed only
on slides which were double-stained for JCV-infected
cells and CD8+ T cells (IHC). When the viral DNA
was well preserved (61% of the cases), the detection
of JCV-infected cells was done by ISH while in old
archival cases with low DNA preservation, IHC was
performed. The results of both type JCV detection
used in the double stainings were combined after
statistical analyses showed that the type of detec-
tion of JCV-infected cells had no influence on the
final results. For simultaneous detection of virus
nucleic acid and CD8+ T cells in the same tissue
section, ISH for JCV DNA was followed with IHC
against CD8 as previously described (Kim et al,
2004). In this technique, the combination of the two
heat-induced epitope-retrieval methods, pressure
cooker and microwave, was used to achieve CD8
antigen retrieval from paraffin-embedded tissues
and to improve ISH of viral nucleic acid. Briefly,
after incubation in an oven for 2 hrs at 60◦C, tissue
sections were deparaffinized and rehydrated in an
electric pressure cooker in Trilogy solution (Cell
Marque, Hot Springs, AR) for 15 min. The sections
were then subjected to microwave pretreatment with
antigen unmasking solution (Vector Laboratories),
washed with PBS for 5 min, and immersed in PBS
containing 0.15% Triton X-100 for 10 min at room
temperature. Sections were rinsed twice for 10 min
each in 2x saline-sodium citrate buffer (SSC). Before
hybridization, 200 ml of prehybridization buffer
containing 10% dextran sulfate, 4x SSC, 2mM EDTA,
50% deionized formamide, 1x Denhardt’s solution,
500 mg/ml herring sperm DNA, and 500 mg/ml
yeast tRNA (all reagents from Sigma, St. Louis, MO)
were applied to sections. After incubation for 1 h
at 45oC, hybridization mixtures containing 1 mg/ml

biotinylated JCV DNA probes (Enzo Diagnostics,
Farmingdale, NY) were applied to the sections, and
hybridized at 45oC overnight. The sections were
subjected to two 15’ washes at 45oC in 2x SSC,
1x SSC, and 0.1x SSC, and then washed in buffer
1 (100 mM Tris-HCl and 150 mM NaCl, pH 7.6)
for 5 min. After pre-incubation of sections for 30
min at room temperature with Buffer 1 containing
1% blocking reagent (Roche, Indianapolis, IN), the
sections were incubated with 1:1000 dilution of
alkaline phosphatase conjugated streptavidin for
JCV DNA probe for 2 h at room temperature. The
sections were washed in buffer 1 twice for 10’ each,
and rinsed in buffer 2 (100 mM Tris-HCl, 100 mM
NaCl, and 50 mM MgCl2, pH 9.5) for 5’. Hybridized
probes were detected using 5-bromo-4-chloro-
indolylphosphate/nitroblue tetrazolium (NBT/BCIP;
Roche) as the chromogen substrate. Sections were
rinsed with 1x PBS before immunostaining. Neg-
ative controls included non-infected tissues and
omission of the DNA probe. After ISH, IHC against
CD8 was performed as described above. Sections
were then lightly counterstained with LFB stain
for myelin. Slides were coverslipped with Eukitt
Mounting Medium (Electron Microscopic Sciences,
Washington, PA).
When thedetection of JCV-infected cells in the dou-

ble stainings had to be done by IHC, the protocol de-
scribed in the precedent chapter was used with the
difference that we applied the same antigen retrieval
treatment that the one which was done for the com-
bined ISH against JCV and IHC against CD8+ T cells
described in this article.

Quantitative image analysis
Images: For each of the slides which were dou-
ble stained for JCV-infected cells and CD8+ T cells,
up to 500 contiguous, non-compressed 1280 × 960
pixels TIFF images encompassing the entire sam-
ple (biopsies) or from 1–2 cm2 of a representative
area (autopsies) were acquired with a DFW-SX900
Sony Firewire color camera and with the shareware
BTV 5.2 (www.bensoftware.com). The camera was
mounted on an Olympus BX40 light microscope and
connected to an Apple PowerBook G4. A magni-
fication of 10x (optic) was chosen so that it was
possible to differentiate and individualize the JCV-
infected cells and the CD8+ T cells. The images were
spatially calibrated with the freeware Image J 1.28v
(http://rsb.info.nih.gov/ij/) on the basis of a micro-
metric slide picture acquired in the same conditions.
Thus, it was determined that 1 pixel on the acquired
images corresponded to a real distance of 0.844 μm.
The contiguous images of each biopsy and autopsy
were then merged with the plug-in Automatch (Pho-
toshop CS).

Cell counting: To quantify JCV-infected cells and
CD8+ T cells in large tissue sections requires both
high resolution images where the phenotype of the
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cells can be easily recognized and lowpower views to
encompass large lesions. To reconcile these mutually
exclusive requirements, we made high-resolution
montages to localize JCV-infected cells, CD8+ T cells
and areas of demyelination. In the case of the autop-
sies, an adjacent tissue section was stained with LFB
and H&E and scanned at a resolution of 1200 dpi to
show the distributions of the anatomical landmarks
(gray and white matter) as well as the demyelinated
areas. This high-contrast, low-resolution image, was
then scaled, rotated and superimposed on the high-
resolution image (montage) of the JCV-infected and
CD8+ T cells. A third layer representing a 600 by 600
μm(711pixels) square gridwas then added randomly
to the resulting image. The final image corresponded
to a Photoshop file comprising a first layer with the
architecture of the tissues, a second layer showing the
distribution of JCV-infected and CD8+ T cells and a
third layer with the 600 × 600 μm grid, from which
data was analyzed. In autopsies, only grid squares
completely filledwith tissuewere used for cell count-
ing. In biopsies, partial squares (at the edge of the tis-
sue) were also used for cell counting, and the tissue
area in each squarewas recorded. The total number of
grid squares examined for the autopsies ranged from
148 to 378, with a median of 252 (corresponding to
a tissue area of 90 mm2). The total number of grid
squares examined for the biopsies ranged from 2 to
232, with a median of 11 (4 mm2), and only 2 of the
16 cases had more than 20 grid squares examined.
Each grid square was classified relative to the de-

myelinated lesions, which were present either in the
white matter or at the junction between the grey and
white matter. Those squares that were entirely con-
tained in an area of demyelination were defined as
“inside,” the squares that did not contain any de-
myelination were defined as “outside,” and those
that included both non demyelinated and demyeli-
nated tissues were considered to be at the ‘border’
of the area of demyelination. To study the effect of
the distance from the lesion on the distribution of
the CD8+ T cells in the squares which were outside,
the squares were classified as “>1.8 mm” (from all
lesions) when the nearest sign of infection (demyeli-
nation or JCV-infected cell) was more than 3 squares
(1.8 mm) away from the square under consideration,
or as “<1.8 mm” in the other cases.
In the autopsies, the number of JCV-infected cells,

the number of CD8+ T cells associated with the
CNS vessels (inside the vessel wall or in contact
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