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Paraneoplastic neurologic disorders (PNDs) offer an uncommon opportunity to study human tumor immu-
nity and autoimmunity. In small cell lung cancer (SCLC), expression of the HuD neuronal antigen is thought
to lead to immune recognition, suppression of tumor growth, and, in a subset of patients, triggering of the Hu
paraneoplastic neurologic syndrome. Antigen-specific CTLs believed to contribute to disease pathophysiology
were described 10 years ago in paraneoplastic cerebellar degeneration. Despite parallel efforts, similar cells
have not been defined in Hu patients. Here, we have identified HuD-specific T cells in Hu patients and pro-
vided an explanation for why their detection has been elusive. Different Hu patients harbored 1 of 2 kinds of
HuD-specific CD8" T cells: classical IFN-y-producing CTLs or unusual T cells that produced type 2 cytokines,
most prominently IL-13 and IL-5, and lacked cytolytic activity. Further, we found evidence that SCLC tumor
cells produced type 2 cytokines and that these cytokines trigger naive CD8" T cells to adopt the atypical type 2
phenotype. These observations demonstrate the presence of an unusual noncytotoxic CD8* T cell in patients
with the Hu paraneoplastic syndrome and suggest that SCLC may evade tumor immune surveillance by skew-

ing tumor antigen-specific T cells to this unusual noncytolytic phenotype.

Introduction

The paraneoplastic neurologic disorders (PNDs) offer a rare
opportunity to study tumor immunity in humans. The subacute
sensory neuropathy/encephalomyelopathy syndrome (the Hu
syndrome) is characterized by a high-titer antibody response
to the HuD protein (also known as ELAVL4), which is normal-
ly expressed exclusively in neurons and also in small cell lung
cancers (SCLCs) and has been termed an “onconeural antigen”
(1, 2). It is believed that HuD expression by tumor cells exposes
the antigen to the immune system, generating an HuD-specific
immune response. This results in appropriate and partially effec-
tive tumor immunity (3, 4). Hu patients typically first present
to clinicians with neurological symptoms triggered when this
tumor immune response, by unknown means, becomes compe-
tent to attack the nervous system.

High-titer antibody to neuronal antigens such as HuD in the
serum and cerebrospinal fluid of PND patients provided the ini-
tial evidence for an immunologic basis for these disorders (5, 6).
Patient antiserum also allowed for the identification and cloning
of the HuD antigen (7), which is a member of a multigene family
of RNA-binding proteins involved in mRNA stability and trans-
lational regulation. The Hu protein family includes HuA (also
known as HuR and ELAVL1), a ubiquitously expressed protein
not recognized in native form by Hu PND antisera (8, 9), and HuB
(also known as ELAVL2), HuC (also known as ELAVL3), and HuD
neuron-specific proteins (10).
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Since several of the PND antigens, including HuD, are
intracellular proteins, it has been hypothesized that CD8" T cells,
which monitor the intracellular compartment, can recognize
these antigens and are the effectors of the clinical antitumor and
autoimmune neuronal responses (1, 3, 6). This has been shown
explicitly in patients with paraneoplastic cerebellar degeneration
(PCD) (11, 12), who have gynecologic malignancies expressing the
cerebellar degeneration-related protein 2, 62 kDa (CDR2) antigen,
an intracellular protein normally expressed in cerebellar Purkinje
neurons (13). CDR2-specific CD8* CTLs are present in the periph-
eral blood of PCD patients, and they can kill target cells in an
HLA-restricted manner (11, 14).

Curiously, parallel efforts to identify HuD-specific T cells over the
past decade have notyielded clear results. There have not been consis-
tent or reproducible descriptions of Hu-specific T cells in the periph-
eral blood of Hu patients (15-18) (R.B. Darnell, unpublished obser-
vations), despite significant interest in characterizing the nature of
the immune response. In addition to interest in understanding PND
pathophysiology, interest in the HuD immune response is height-
ened because all SCLCs express the HuD antigen, making it an espe-
cially attractive tumor immune target. In addition, a large number of
the general population of SCLC patients (~15%-20%) have low-titer
antibodies to HuD without autoimmunity (19), and this response
correlates with improved prognosis, providing an example of a com-
mon, naturally occurring tumor immune response (20).

To pursue the hypothesis that Hu patients harbor HuD antigen-
specific CD8" CTLs, we have searched for HLA-restricted HuD
peptides that could be recognized by such cells, using an exhaus-
tive in vitro peptide screen. These experiments allowed us to devel-
op HLA-peptide tetramers able to detect HuD-specific T cells in
patient blood. Unexpectedly, functional studies of tetramer-reac-
tive T cells, including ELISPOT and cytotoxicity assays, revealed
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Figure 1

Demonstration of Hu133-specific T cells that have lytic
activity and secrete IFN-y. (A) Tetramer staining of cells
from patient 1 (HLA-0301) after 1 round of in vitro expan-
sion with A0301-predicted peptides. The percentages of tet-
ramer-positive cells are noted above the boxed populations.
(B) The expanded T cells were also tested for functional
activity in a CTL assay. Irrelevant peptide condition is des-

ignated by red squares, and relevant peptide is designated
by blue circles. (C) Similar results were obtained with IFN-y
ELISPOT. Gray bars indicate irrelevant peptide condition,
and black bars indicate relevant peptide. Error bars repre-
sent SD of the mean of triplicate wells (B and C).
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both typical and atypical antigen-specific CD8" T cells. The latter
were inefficient killers and secreted only low levels of IFN-y but
were able to produce large amounts of IL-13 and other Th2-like
cytokines in response to specific antigen, and we refer to these cells
as type 2 CD8" T cells. We also found evidence that SCLCs produce
Th2 cytokines and that these may contribute to generation of the
unusual class of CD8" T cells identified here. Thus, both classi-
cal and what we believe to be a novel type of human noncytotoxic
CD8* T cells may play roles in pathogenesis of the Hu syndrome
and more generally in tumor immune interactions.

Results

Screen for candidate HuD peptide epitopes. To identify HuD peptides
able to bind HLA class I molecules, we generated a library consist-
ing of all 386 possible nonamer human HuD peptides, including
previously described splice variants (10). We screened these peptides
using an approach successfully applied to identify CD8* T cell epit-
opes for survivin (21), CDR2 (14), and mycobacterium tuberculosis
(22). Peptides were screened for the ability to bind recombinant HLA
molecules and further analyzed by determining off-rate and affin-
ity, yielding a net score for each peptide. We initially focused our
effort on the class I alleles most commonly found in US populations
of mixed European descent. HLA-A0201 and HLA-A0301 yielded a
total of 48 peptides with significant net scores (Supplemental Table
1). To refine this list, we reasoned that pathophysiologically rele-
vant human HuD-specific T cells should fail to react with the HuA
protein for several reasons: while HuD patients have high-titer anti-
body responses to the neuronal Hu family members, they have no
significant antibody reactivity with mouse tissues expressing HuA
(using Western blot or immunofluorescence microscopy), and PND
patients do not develop peripheral autoimmunity to non-neuronal
tissues that express robust amounts of HuA (10). Eighteen HuD
HLA-A0201 and five HLA-A0301 binding peptides with different
sequences than HuA (Supplemental Figure 1 and Supplemental
Table 1) were identified for further evaluation.
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Identification of classical HuD-specific CD8"* T cells in an Hu patient.
Cells from Hu patient 1, an acutely ill HLA-A0301 individual, were
used to further screen the HLA-A0301 peptides. CD8* T cells were
cultured for 8 days with autologous peptide-pulsed DCs to expand
antigen-specific T cells. CD8" T cells recognized peptide Hu133 but
none of the other candidate peptides, as demonstrated by binding
to specific HLA-peptide tetramers (Figure 1A and Supplemental
Figure 2). We found that these Hul33-specific CD8" T cells were
functional using chromium release cytotoxicity and IFN-y ELISPOT
assays (Figure 1, B and C). To determine whether Hu133-specific T
cells could be detected in neurologically normal control patients, T
cells were tested for tetramer staining after 8 days of in vitro expan-
sion. We also tested 3 chronically ill HLA-A0301 Hu patients and
did not find significant levels of Hul33-specific T cells (Supple-
mental Figure 3). We note, however, that 2 of these 3 patients were
also HLA-A0201 and did have A0201-Hu-specific T cells (see Fig-
ure 2C and Supplemental Table 2), suggesting that their dominant
HuD response may be HLA-A0201 restricted. Zero of two A0301
control patients had detectable Hu133-specific T cells in this assay,
while all patients and controls showed T cell expansion of influ-
enza nucleoprotein-specific T cells (Supplemental Figure 3).

Identification of atypical HuD-specific CD8* T cells in Hu patients. Given
the large number of candidate HuD HLA-A0201 peptides, we first
screened the 19 high-scoring HuD HLA-A0201 peptides for their
ability to generate immune responses in vivo, using transgenic mice
expressing human HLA-A0201 (14, 23). These mice were immunized
with replication-defective adenovirus expressing full-length mouse
HuD protein (AdV-HuD). CD8" splenocytes purified from immu-
nized mice and restimulated with HuD peptides showed reactivity
to 11 of the 19 candidate A0201-restricted HuD peptide-pulsed tar-
gets using IFN-y ELISPOT (Figure 2A).

As amore stringent follow-up screen, we assayed reactivity of CD8*
T cells to more physiologic amounts of HuD peptides. Primary kid-
ney epithelial cells (KECs) from HLA-A0201 transgenic or wild-type
control mice were infected with AdV-HuD and used as targets in an
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Figure 2

Identification of the Hu157 epitope and Hu157-specific T cells in patients. (A) Screening of Hu peptides in HLA-A0201 transgenic mice. CD8* T
cells purified from AAD mouse spleen cultures were cultured with stimulator cells pulsed with cognate or irrelevant peptide. A positive response
was considered at least a 2-fold increase in signal over an irrelevant AO201 binding control peptide. (B) CD8* T cells were tested for their ability
to recognize whole HuD protein processed and presented by primary HHD kidney cells. Wild-type kidney cells were not recognized (data not
shown). Peptide 315 was positive in the first screen (A) but was not processed on HLA-A0201 in the kidney cell experiment (B), indicating pos-
sible in vitro priming of T cells to this epitope or a low-affinity T cell response, and was not selected for further experiments with patient T cells.
(C) Tetramer staining of patient 2, a normal donor, and patient 3 peripheral blood T cells after 1 round of in vitro expansion with HuD157 peptide.
Positive control expansions and tetramer staining were with either M1 or CMV, depending on the response of the donor to these viruses. FSC,
forward scatter; ND, not determined. (D) Tetramer staining for Hu157 T cells in CSF of Hu patient 2. The percentages of tetramer-positive cells
are noted above the boxed populations in C and D. Error bars represent SD of the mean of triplicate wells (A and B).

IFN-y ELISPOT. Of the 11 peptides tested in this secondary screen,
only HuD157 T cells recognized KECs expressing the full HuD
sequence (Figure 2B). This result indicated that peptide HuD157
could be naturally processed and presented on HLA-A0201.

We were able to detect Hul57-specific CD8* T cells in the periph-
eral blood from 2 of 2 chronically ill A0201 Hu patients after
restimulation (Hu patients 2 and 3; Figure 2C). In contrast, none
of 4 control patients harbored Hul57-specific CD8* T cells (Fig-
ure 2C and Supplemental Figures 4 and S), demonstrating speci-
ficity of the tetramer and indicating that the patient Hul57 cell
populations were not due to in vitro priming. Each control patient
harbored T cells specific for at least 1 of 2 positive control tetra-
mers specific to influenza matrix protein (M1) or CMV (Figure 2C
and Supplemental Figure 4). We also detected a high percentage
(~0.5%) of Hul57 tetramer-positive cells directly from cerebrospi-
nal fluid available from Hu patient 2 (Figure 2D). Taken together,
2044
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these results demonstrated that Hu patients have T cells capable of
recognizing Hul57 as a naturally processed HLA-A0201 epitope.
Function of atypical Hu-specific CD8* T cells. We initially attempted
to assess the function of the Hul57-specific CD8" T cells in our 2
HLA-A0201 Hu patients using standard assays. We consistently
found extremely low T cell responses to Hul57-pulsed targets in
CTL (data not shown) and IFN-y ELISPOT (Figure 3A) assays in
HuD patient 2, despite positive T cell responses to influenza or
CMV peptides. To address the possibility that this might have
resulted from alow number of Hu157-responding T cells yielding
responses at or below our limits of detection and based on our
finding that 1 round of stimulation with Hul57 peptide led to
expansion of HuD-specific T cells in patients but not control indi-
viduals by tetramer staining (Figure 2C and Supplemental Figure
4), we stimulated cells to obtain sufficient numbers for tetramer
FACS sorting. The percentage of Hul57 tetramer-positive cells
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Figure 3

Weak lytic activity and IFN-y secretion by Hu157 patient T cells. Hu157- and M1 tetramer—positive T cells from an Hu patient were expanded
1 time in vitro with peptide, followed by FACS sorting of the tetramer-positive population. Tetramer-positive cells were allowed to recover with
irradiated, peptide-pulsed, autologous PBMCs and IL-2. After recovery, the function of the T cells was tested in a CTL assay. (A) ELISPOT
with bulk (presort) CD8* T cell cultures. (B) Tetramer staining showing sorting gate and CTL assay using sorted T cells. The percentages of
tetramer-positive cells are noted above the boxed populations. (C) IFN-y ELISPOT assay with sorted T cells. Error bars in A and C indicate SD

of the mean of triplicate wells.

in the presorted population was at least 1 log lower than M1 tet-
ramer-specific cells, consistent with a low precursor number of
Hu157-specific CD8* T cells present in the unstimulated T cell
population (Figure 3B). Sorting cells from both M1- and Hul57-
specific T cell populations allowed us to add equivalent numbers
of each cell type to the assays.

CTL assays using sorted Hul57-specific T cells from Hu patient
2 showed a low but detectable amount of specific lysis when com-
pared with M1-specific T cells (a maximum of ~20% specific lysis
seen with Hul57 over that seen with irrelevant peptide, compared
with 45% of that seen with influenza, using equivalent numbers of
sorted antigen-specific T cells; Figure 3B). In addition, only relative-
ly small numbers of IFN-y-producing cells were seen in ELISPOT
assays using Hu157-specific T cells (100 spot-forming cells [SFCs]
for Hul57 compared with 1,400 SECs for influenza; Figure 3C).
Similarly, CTL assays with Hul57 T cells from patient 3 showed 40%
specific lysis over that seen with irrelevant peptide, compared with
85% seen with influenza T cells, and low numbers of IFN-y-produc-
ing cells using ELISPOT assay (40 SFCs for Hul57 compared with
540 SFECs for influenza; Supplemental Figure 6). Taken together,
these experiments demonstrated that Hul57-specific CD8" T cells
are indeed present in our HLA-A0201 patients but were detectable
in traditional assays for CD8" CTL function only if the population
was concentrated by sorting prior to the assay. The low signals in
both assays, even with sorted HulS7 T cells, suggested that this
population is either relatively unresponsive or harbors cells with
functions other than the typical CD8" IFN-y secretion and robust
lytic activities, for which different assays are needed.

Accordingly, we searched for differences between Hul57-specific
T cells and M1-specific T cells. The 2 CD8* populations were nearly
identical with respect to 8 standard cell-surface markers (Supple-
mental Figure 7). Since cytokine production profiles have been
used to discriminate T cell subtypes (24), we measured 25 cytokines
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in the supernatants of cultures of CD8* T cells incubated with cog-
nate peptide-pulsed target cells. Multiplex analysis of culture super-
natants of Hu-specific CD8" T cells from Hu patient 1 revealed a
classic CTL profile, with the secretion of IFN-y in response to HuD
peptide and influenza peptide (Figure 4A). In stark contrast, the
atypical Hu-specific T cells from Hu patients 2 and 3 exhibited
robust production of IL-13 (5,130 pg/ml and 389 pg/ml) and IL-5
(3,857 pg/ml and 162 pg/ml) in response to Hul57 peptide but
no detectable IFN-y production (Figure 4, B and C). Similar IL-13
production in response to Hu peptide was obtained with unsorted
bulk T cell cultures, indicating that tetramer binding and sorting
itself did not result in the unusual T cell phenotype (Supplemen-
tal Figure 8). We also found that Hu patient 2 harbored typical T
cells specific for influenza, as the CD8" T cells produced IFN-y in
response to M1-specific peptide (2,471 pg/ml; Figure 4B).

We extended these observations by developing an ELISPOT assay
to enumerate T cells producing IL-13 in response to antigen. We
cocultured stimulated CD8" T cells from Hu patient 2 and Hul57
tetramer-sorted T cells from Hu patient 3 with peptide-pulsed T2
cells for 20 hours and counted IL-13-producing cells. Cells from
Hu patient 2 showed robust antigen-specific production of IL-13
and in contrast demonstrated weak production of IFN-y (Figure 5A;
1,937 IL-13 SFCs above background [irrelevant peptide| SFCs/mil-
lion T cells; 833 IFN-y SFCs above background [irrelevant peptide]
SFCs/million T cells; total number of possible SFCs is 3,100 based
on 0.31% tetramer-positive cells in Figure 2B). Similarly, cells from
Hu patient 3 showed an IL-13 response to antigen (159 SFCs/5,000
sorted cells; Figure 5B). At the same time, both patients 2 and 3 had
an IFN-y response to M1 peptide (Figure 3A and Figure 5B).

We next confirmed that IL-13 was produced from Hu-specific T
cells in a cell autonomous manner by analysis of Hul57 tetramer-
positive T cells, using intracellular FACS analysis for IL-13. Over
40% of the Hul57-specific T cells from patient 2 were producing
Number 7 2045
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IL-13 when assayed at a single 18-hour time point (Figure 5SC, top
panels). These results demonstrated that IL-13 was specifically
being produced by an atypical HuD-specific CD8" T cell.

Characterization of HulS7-specific type 2 CD8* T cells. We characterized
the responses of sorted CD8" T cells to antigen stimulation by mea-
suring production of type 1 and type 2 cytokines, using intracellular
FACS. Approximately 30% of the Hul57-specific T cells produced
IL-4 specifically in response to antigen (Figure 5C). A small subset
(~10%) of either the IL-13- or IL-4-producing cells made IFN-y in
response to antigen (Figure 5C). In contrast, M1-specific T cells
stimulated in parallel from the same patient produced almost
exclusively IFN-y and very little IL-4 (Figure 5C). Taken together, our
results indicated that Hul57-specific T cells were skewed toward the
production of Th2 cytokines, including IL-13, IL-5, and IL-4, and
should be considered to be type 2 CD8"* T cells.

Given the modest lytic activity seen in Figure 3, we asked wheth-
er the poor ability of IL-13-positive T cells to kill is a function of
weak activity of the entire population or whether it derives from a
smaller subpopulation of cells. We assayed sorted Hul57 T cells
by staining them for intracellular cytokines along with the lyso-
somal marker CD107a, a marker of lytic effectors (25). Only a small
number of these Hul57 T cells were CD107a positive (~4%; Figure
5D, left panels). Ten percent of the IL-13" and twelve percent of the
IFN-y* population stained for CD107a. In contrast, M1-specific T
cells from the same patient produced almost exclusively IFN-y (93%
positive), with very little IL-4 and IL-13, and approximately 75% dis-
played lytic function (Figure 5D, right panels). These results indi-
cated that a small population of Hul57-specific T cells, perhaps
IL-13*/IFN-y* double-positive cells, can act as lytic effectors.
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We further characterized the Hul57-specific T cell phenotype
by contrasting its gene expression profile with that of M1-specific
T cells. Expanded T cells were sorted with Hul57- or M1-specific
tetramers, activated for 18 hours, and profiled to ascertain RNA
expression using Affymetrix microarray. Given limited clinical
material available, we were restricted to analysis of a single patient
but were able to repeat experiments using different means of
stimulation (autologous DCs pulsed with peptide or with anti-
CD28 antibody). We found that the genes for IL-13 and IL-5 were
expressed in HulS7 T cells and those for IFN-y and granzyme B
were upregulated in M1-specific T cells in response to specific
peptide (Table 1 and Supplemental Table 3). This suggests that
the microarray data provided an accurate reflection of the differ-
ent proteins present in each T cell type (Figures 4 and 5). We also
searched for robust changes in gene expression (5 fold) that were
present in both peptide-stimulated and CD28 antibody-stimulated
Hul157 T cells but not in M1-specific T cells (Table 1). Taken togeth-
er, the data provided evidence that activated Hul57-specific type 2
T cells may specifically induce gene expression of IL13 (18-fold), ILS
(12-fold), and other immune genes (such as CD25, CXCL10, CD30,
and GITR; Table 1 and Supplemental Table 3). These data illustrat-
ed that there may be a unique gene profile of Hul57-specific T cells
and support their classification as type 2 CD8" T cells.

In order to address whether SCLC tumor cells might contribute
to the skewing of HuD-specific T cells toward a type 2 phenotype,
we analyzed published microarray data (26) of SCLC and normal
lung samples. These data indicated that the Th2 cytokines IL-4
and IL-5 were expressed at 4- and 7-fold higher, respectively, in
tumors than in normal lung. Moreover, although IL-13 expression
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Figure 5

Hu patient T cells are skewed toward production of IL-13 and IL-4 but not IFN-y. (A) ELISPOT assay demonstrating the number of IL-13—produc-
ing, Hu-specific CD8* cells in a bulk, unsorted Hu157 culture from patient 2 (same cells as in Figure 3A). (B) ELISPOT results using sorted cells
from patient 3, comparing IFN-y and IL-13 responses. Error bars in A and B indicate SD of the mean of triplicate wells. (C) Intracellular staining
for IFN-y, IL-13, and IL-4, using sorted T cells from Hu patient 2. The top 2 rows show Hu157 cells after irrelevant (HIV) and Hu157 peptide stimu-
lation. The bottom row shows staining of M1-specific cells after irrelevant and M1 peptide stimulation. (D) Staining for Hu157- and M1-specific
CD8+ T cells with lytic activity, using CD107a antibody combined with intracellular cytokine staining. The percentages of cells in each quadrant
are denoted in the corners of the plots in C and D. (E) Intracellular staining of in vitro—skewed T cells showing production of IL-13 by CD8+ T
cells and CD4+ T cells (positive controls) cultured in the presence of Th2 conditions (IL-4) but not Th1 conditions (IL-12, anti—IL-4). Numbers in

corners represent the percentage of IL-13+ cells.

was detected in both normal and tumor samples, the mean IL-13
levels were 2-fold higher in tumors (Table 2).

We next tested whether these cytokines were able to skew naive
CD8" T cells to a type 2 phenotype. We cultured primary CD8" T
cells in the presence of different cytokine mixtures and measured
their cytokine production using intracellular FACS. As a positive
control, we cultured CD4* T cells in the presence of IL-4, which
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skewed them toward production of Th2-type cytokines as expected
(Figure SE). When we cultured CD8" T cells in the presence of IL-4,
we also found that they produced type 2 cytokines (IL-4 and IL-13;
Figure SE and data not shown). Taken together, these results sug-
gested that in some patients, Th2 cytokine production by SCLC
may lead to skewing of the HuD immune response toward produc-
tion of type 2 CD8* T cells.
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Table 1
Microarray analysis of Hu157-specific type 2 T cells

Genes induced by both Hu157 peptide and anti-CD28 stimulations
but not by M1 peptide

Fold change Gene
34.44 MGC4677
18.49 McMm10
18.24 IL13
12.29 TNFRSF18
11.44 RRAS2
10.71 CENPH
8.985 TRMTS
8.955 BCL2L11
8.22 RNF14
8.18 PMAIP1
7.821 ARPC1A
7.618 TNFRSF8
7515 MPP6
7.199 LAIR2
Genes induced by Hu157 peptide but not by M1 peptide
Fold change Gene
45.14 CcXcL10
39.07 L0C200169
36.74 GNG4
35.76 SHF
34.44 MGC4677
27.95 GNG8
21.2 KLRK1
18.49 McMm10
18.24 IL13
17.17 cD80
14.63 CTTN
14.25 DUSP2
14.22 GNG4
13.78 ASTN2
12.96 MGC42105
12.51 SGPP2
12.51 BACH?
12.29 TNFRSF18
12.21 GALC
11.82 FKBP4
11.75 IL5

Genes found in supernatant and/or intracellular staining experiments are
bold. Other genes of immunologic interest are in underlined.

Discussion
The paraneoplastic Hu syndrome is characterized by an immune
response identified with a high-titer antibody. However, the target
antigen is an intracellular protein expressed in SCLC and neurons,
which raised the possibility that there may be a cellular component
to the disorder. Moreover, these patients, as well as a significant per-
centage of the general population of SCLC patients, show evidence
of tumor immunity (19, 27), including spontaneous tumor regres-
sion (3), further supporting the possibility of a cell-mediated com-
ponent to the disorder. Yet Hu-specific CTLs have not previously
been described in the disorder. Here, we provide an explanation for
these observations. Different Hu patients harbor different kinds of
HuD-specific T cell responses at low precursor frequencies: either
typical CTL responses or atypical, noncytotoxic CD8" T cells that
2048
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secrete type 2 cytokines, a characteristic that is missed using stan-
dard functional assays to look for antigen-specific CD8" T cells.

Previous studies have demonstrated type 2 cytokine-produc-
ing CD8" T cells in vitro and have suggested the possibility that
such cells might exist in humans. Several groups have shown that
in vitro stimulation and skewing of mouse T cells can produce
CD8" T cells that make IL-4 and other type 2 cytokines (25, 28). In
humans, cell clones grown from patients with lepromatous leprosy
(29) and a subset of HIV patients with Job’s-like syndrome (30) have
also been shown to produce IL-4, although follow-up studies have
not reported the presence of such cells in the absence of repeated
in vitro stimulations. Finally, one report of high IL-13 levels in
patients with amyotrophic lateral sclerosis could be interpreted
as consistent with the presence of such cells in vivo (31). Here, we
detect type 2 CD8" T cells in Hu patients after one in vitro peptide
stimulation, reflecting the low precursor frequency of these cells as
indicated by tetramer staining. We do not believe that this stimula-
tion accounts for the type 2 phenotype, since M1-specific T cells
from the same patients, treated in parallel, maintain a type 1 pheno-
type. Moreover, tetramer sorting was not responsible for the type 2
phenotype, since it was also detected when Hu157 peptide was used
to stimulate unsorted bulk T cell cultures. Finally, HuD-specific T
cells were not detected in the peripheral blood of 6 neurologically
normal patients, indicating that the general population does not
harbor such T cells, even after in vitro stimulation.

The spectrum of tumor immune response in Hu patients may
be a reflection of the spectrum of different antigen-specific T cell
types. Patients with more robust tumor immunity (3) may harbor
typical IFN-y-producing CTLs. Others, despite harboring tumors
expressing the HuD tumor antigen, may have a more aggressive
course with their tumors (4) as a consequence of harboring type 2
CD8" T cells. This hypothesis is consistent with the observation that
type 2 CD8" T cells have very little cytolytic activity. One explana-
tion for the presence of such cells may be that the tumor itself acts
to reshape the immune response, as in the phenomenon of tumor
immunoediting demonstrated in animal models by Schreiber and
colleagues (32). Cytokines have been noted to contribute to tumor
immunoediting, either through direct killing of tumor cells or
through the induction of immunosuppressive IL-13-producing
NKT cells or CD4*CD25" regulatory T cells (33). Our data extend
these observations by providing evidence that SCLCs express type
2 cytokines and that one of these, IL-4, is sufficient to skew tumor
antigen-specific CD8" T cells to the type 2 phenotype.

It is of interest to consider what role type 2 CD8* T cells may be
playing in the PND. Prior studies have suggested that such cells
may play a helper role for eosinophils and antibody production
(30,34, 35). While our patients did not have an elevated eosinophil
count, it is clear that a hallmark of the PNDs is a very high-anti-
body titer, and this was evident in our Hu patients harboring type
2 CD8* T cells (data not shown). Cytotoxicity of mouse (25, 36)
and human type 2 CD8" T cells has been reported, with relatively
weak killing activity in the latter (30). Similarly, our data suggested
weak but detectable cytotoxic activity of Hu-specific type 2 CD8* T
cells (Figure 3) and that this may be due to lytic activity of a minor
subset of IL-13*/IFN-y* cells (Figure 5).

The cytokine profile of Hu-specific type 2 CD8" T cells is clos-
est to classical CD4* Th2 cells, in that they produce especially large
amounts of IL-13 and IL-5 (by cytokine and gene array) as well as IL-4
(by intracellular FACS); notably, these cells do not produce IL-17,
IL-6, or TNF-a, the cytokine hallmarks of autoimmune Th17 cells
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Expression of cytokine genes induced in SCLC compared with normal lung expression, determined by analysis of microarray data (26)

Mean lung SD lung Mean tumor SD tumor Fold Pvalue
expression expression expression expression change
IL-4 13.8 15.8 54.5 36.6 3.95 0.0010
IL-5 4.6 8.7 25.5 24.7 5.60 0.0047
IL-13 354 19.1 65.2 23.8 1.84 0.0056
IL-12p40 0.5 1.4 0.3 0.7 0.55 0.7176
CD3t 47.3 48.3 27.2 18.0 0.57 0.3374

n =17 for normal lung; n = 6 for tumor.

(24). Cells producing classical type 2 cytokines are often thought of
as part of a compensatory response to autoimmune disease, involved
in the resolution of an immune response, for example by downregu-
lating type 1 T cells (24, 37). We note that the 2 Hu patients with type
2 CD8" T cells were in a chronic phase of their illness, suggesting the
possibility that acutely ill patients (e.g., Hu Patient 1) harbor a classi-
cal IFN-y CD8" T cell response and that this can segue into a chronic
type 2 T cell response over time. Importantly, Hul57-specific T cells
were detected in the cerebrospinal fluid (CSF) of 1 patient (Figure
2), which implicated them as playing a role in brain degeneration.
Our studies defined a clear cell-mediated component to Hu
paraneoplastic syndrome. This disorder can be associated with
a spectrum of clinical outcomes — from profound tumor immu-
nity (3) to tumor outgrowth and death from cancer (4) and from
restricted peripheral nervous system disease, most commonly sub-
acute pan-sensory neuropathy, to isolated central nervous system
disease, such as limbic encephalopathy, to a multifocal encepha-
lomyelopathy, with rapid death from neurologic disease. Our data
underscore that models of PND pathogenesis should be refined
to take into account the observation that different kinds of T cells
may be present in different PND patients (6) and that these vari-
ants may explain the different responses to tumor and brain seen
clinically. Identification of qualitatively different kinds of Hu-spe-
cific T cells in different Hu patients provides a new focus for try-
ing to understand the clinical complexity of the syndrome and for
developing new therapies that target human immune responses.

Methods

Patients. All patients were seen at The Rockefeller University Hospital (RUH)
and gave informed consent, under protocols approved by The Rockefeller
University Institutional Review Board. The Hu antibody was diagnosed
in all patients by Western blot against recombinant HuD fusion protein.
High resolution HLA typing was performed at the Immunogenetics Labo-
ratory of the University of Maryland Medical Center.

Characteristics of HuD patient 1. A 59-year-old male smoker was first seen at
RUH in November 2006, 5 months after the onset of short-term memory
loss, numbness and tingling in the fingertips of both hands, and worsening
gait. Workup revealed an asymptomatic lung nodule, which was biopsied
and found to be SCLC. When examined at RUH, the patient exhibited pro-
found short-term memory loss, with no recall of events occurring S minutes
prior, and pronounced emotional lability. Lumbar puncture revealed a CSF
pleocytosis of 6 wbc/mm3. One week later, the patient went into cardiac
arrest on his way to RUH for treatment and expired. At time of patient’s
death, he was in the midst of completing chemotherapy (cisplatin and eto-
poside) for his cancer and had completed radiation therapy the week prior.

Characteristics of HuD patient 2. A 74-year-old woman smoker was well until

2005, at which time she presented with progressive numbness in the feet
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and hands as well as fatigue and weight loss. Workup revealed the anti-Hu
antibody in October 2005 and SCLC in June 2006, for which she under-
went chemotherapy and radiation therapy. On examination at that time
the patient had a moderate pan-sensory neuropathy, with dysesthesia in
the distal hands and feet, and moderate gait imbalance requiring a cane. In
subsequent follow-up visits, her cancer has remained in remission; howev-
er, her neurologic symptoms have progressively worsened to the point that
she requires a walker to ambulate and has chronic painful neuropathy.

Characteristics of HuD patient 3. A 65-year-old woman developed numbness
in her feet in spring of 2001. In April 2002, workup revealed SCLC, for
which she received chemotherapy and prophylactic brain irradiation. In
March 2003, she developed difficulty walking and coordination problems,
becoming wheelchair bound over the ensuing months. She was diagnosed
with anti-Hu antibody in July of that year. The patient was admitted to
RUH in April of 2004, when she had worsening dysarthria and increased
tremors of left hand and shoulder. She exhibited a CSF pleocytosis of
13 wbec/mm? at that time. To date, the patient remains relatively stable
with her symptoms, and her cancer remains in remission.

Cell lines and antibodies. Antibodies for FACS staining were obtained from
Becton Dickinson, except FITC-conjugated CD8 (Beckman Coulter). The
EL4 cell line expressing HLA-0201 was obtained from the laboratory of
Alan Houghton (Memorial Sloan-Kettering Cancer Center). T2 cells were
obtained from ATCC.

Peptides. The peptide library for iTopia screening was purchased from
Jerini Peptide Technologies. Peptides for mouse experiments and influ-
enza matrix peptide GILGFVFTL were purchased from American Peptide
Company. The CEF peptide mixture was purchased from MabTech. Influ-
enza nucleoprotein peptide for A0301 (ILRGSVAHK) was purchased from
AnaSpec. Negative control peptides were HIVgag for A0201 (SLYNTVATL)
and cdr2331 for A0301 (CIRRAKAVK).

iTopia screening. Peptides were dissolved in DMSO (10 mM) and stored
in aliquots at -20°C. All screening assays were performed according to the
manufacturer’s instructions using the provided reagents (Beckman Coul-
ter Immunomics). For the initial binding assay, each peptide (0.1 mM) was
added to plates with wells coated with recombinant HLA molecules, B2m
and FITC-labeled anti-HLA class I. Incubation was performed for 18 hours
at21°C, and plates were then washed and read in a fluorescence plate read-
er (excitation 490 nm, emission 520 nm) (Molecular Devices). For affinity
measurements, 8 serial dilutions of the peptides were made and assayed as
in the binding assay. For off-rate measurements, peptides were added as in
the binding assay, incubated for 18 hours at 21°C, washed, and then shifted
to 37°C for the indicated time points. Data were analyzed with the iTopia
software using Prism (GraphPad), and iScores were generated using a pro-
prietary formula, which takes into account all 3 parameters measured.

Mice and immunizations. Wild-type CS7BL/6 mice were purchased from
The Jackson Laboratory. AAD mice are transgenic for the human HLA-
A0201 molecule, with a mouse 03 domain (23) on a C57BL/6 background,
Volume 119 2049

Number7  July 2009



research article

and were purchased from The Jackson Laboratory. HHD mice are trans-
genic for the human HLA-A0201 molecule, with a mouse 0.3 domain on a
B2m/~ background, and were obtained from F. Lemmonier (Institut Pas-
teur, Paris, France) (14, 38). Transgenic mice were monitored for expres-
sion of HLA-A0201 on peripheral blood cells by flow cytometry using the
BB7.2 antibody (BD Biosciences — Pharmingen). Mice were immunized
intradermally with 100 ul purified virus. On day 0 and day 2, 400 ug
of pertussis toxin (Sigma-Aldrich) was administered intraperitoneally.
Mice were used for experiments 13 days after adenovirus immunization.
All mice were housed in a specific pathogen-free facility and were used
according to IACUC regulations under an animal protocol approved by
The Rockefeller University.

Adenovirus production. Control adenovirus expressing GFP and adenovirus
expressing GFP and the HuD protein were made by H.J. Okano (Keio Uni-
versity, Tokyo, Japan) using the pAdenoTrack vector and recombination in
bacteria as previously described (39). Adenovirus was produced for experi-
ments by transduction of HEK293 cells (ATCC), and virus in the superna-
tant was purified after 72 hours using the Adenopure kit (Puresyn Inc.)
according to kit instructions. Viral titers were determined by serial dilution
in 293 cell cultures and counting GFP-positive cells after 24 hours. Virus
was used at 1:10,000 titer.

Mouse kidney cell culture. Primary kidney cell cultures were made by
mashing kidneys with the back of a syringe, pipetting until a single-cell
suspension was obtained, and passing the suspension over a 70 um cell
strainer. After washing, cells were cultured in D10 medium (DMEM) sup-
plemented with gentamicin, L-glutamine (Cellgro; Mediatech), and 10%
FBS (HyClone). Cells were fed by replacing medium on days 4 and 7. On
day 7, 10 U/ml recombinant mouse IFN-y (R&D Systems) was added to the
cells. On day 8, 10 ul of purified adenovirus was added to each plate. Cells
were harvested the next day for use in the ELISPOT assay.

Peripheral blood isolation. Blood cells were collected by leukapheresis, under
The Rockefeller University Institutional Review Board-approved protocol
with informed consent. PBMCs were isolated by density gradient centrifu-
gation over Ficoll-Hypaque (Pharmacia) and separated into T cell-enriched
(ER*) and T cell-depleted (ER") fractions by rosetting with neuraminidase-
treated (Calbiochem) sheep red blood cells (Colorado Serum Company).
These cell fractions were cryopreserved by freezing in 10% human serum
albumin/10% DMSO/RPMI.

DC culture. Human DCs were generated from PBMCs. Briefly, ER™ cells
were cultured in the presence of 100 U/ml IL-4 (R&D Systems) and 100 U/ml
GM-CSF (Immunex) for 6 days to generate immature DCs. DCs were har-
vested on day 6 and plated with PGE; and TNF-o. to induce maturation. After
2 days, mature DCs (mDCs) were harvested and used for T cell stimulation.

CD8* T cell isolation. ER* PBMC fractions were thawed and incubated with
anti-CD8 MACS beads according to manufacturer’s instructions (Miltenyi
Biotec). For experiments with adenovirus-immunized mice, spleens were
harvested on day 13, and CD8" T cells were purified as in the human pro-
tocol using anti-mouse CD8a beads (Miltenyi Biotec).

In vitro stimulation of human peripheral blood T cells. Purified CD8" T cells
were incubated with autologous mDCs at a 30:1 ratio in 24-well plates,
with 10 ug/ml peptide in AIM-V medium (Invitrogen) supplemented
with 5% FBS. After 1 day of culture, recombinant human IL-2 (Chiron)
was added at 10 IU/ml.

In vitro stimulation of mouse spleen cells. Spleen cells from adenovirus-immu-
nized mice were used for restimulation with indicated peptides. Cells were
stimulated at 2 x 10° per well of a 24-well plate, with 0.5 uM peptide and
10 IU/ml recombinant human IL-2 (Chiron) in RPMI with 10% FBS. After
10 days of culture, cells were harvested and CD8* T cells were isolated by
magnetic separation (Miltenyi Biotec). Subsequent stimulations were per-
formed similarly with syngeneic irradiated, peptide-pulsed splenocytes.
2050
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Tetramer staining. All HLA-A0201 tetramers were obtained from Beckman
Coulter Immunomics. Each lot of tetramer was tested on a restimulated
Hu patient T cell line of known haplotype and known to be reactive by tet-
ramer and ELISPOT. Tetramers were titrated and compared with previous
results before use in experiments. For 20 minutes, 1.0 x 10¢ patient PBMCs
or 0.3 x 10° cultured CD8" cells were incubated with a 1:20 dilution of tet-
ramer at room temperature. Antibody to CD8 was then added to the cells
for an additional 10 minutes, and cells were washed and analyzed imme-
diately using a BD FACSCaliber. Dead cells were excluded by gating on
Topro-3-negative (Molecular Probes) cells and on the CD8* population.

Tetramer-positive T cell sorting. CD8* T cells were purified by positive selec-
tion (Miltenyi Biotec) from the frozen T cell fractions of patient leuka-
pheresates. After 8-12 days of culture with mDCs, the cells were harvested
and incubated at 20 x 10¢/ml with a 1:20 dilution of tetramer. The tetra-
mer-positive population was sorted on a FACSAria instrument (BD Biosci-
ences). After sorting, cells were placed into culture in 96-well plates with
10:1 autologous, peptide-pulsed PBMCs and 50 U/ml IL-2. After a recovery
period of 8 days in culture, T cells were used in assays as described.

ELISPOT. Nitrocellulose plates (Millipore), coated overnight with 5 ug/ml
anti-IFN-y or IL-13 antibody (MabTech), were blocked for 2 hours with
10% FBS at 37°C. CD8" T cells were plated with 25,000 peptide-pulsed
target cells and incubated for 20 hours at 37°C. Cytokine-producing cells
were detected using biotinylated secondary antibodies (MabTech), and
SFCs were developed by incubation with streptavidin-horseradish peroxi-
dase (Vector Laboratories) and AEC substrate (Sigma-Aldrich). All condi-
tions were performed in duplicate or triplicate, and SFCs were enumerated
by an outside consultant (Zellnet Consulting).

Cytotoxicity assay. Sorted CD8* T cells were incubated with S!chromium-
loaded peptide-pulsed T2 cells for 4 hours. Supernatants were harvested and
counted in a TopCount Counter (Packard). The percentage of specific lysis
was calculated using the following formula: (specific cpm - medium only
cpm)/(maximum lysis - medium only cpm) x100. Spontaneous release was
determined by counting >!chromium in the medium of each target, and max-
imum lysis was determined by adding 1% SDS to each target. All conditions
were done in at least triplicate, and error bars represent SD at each point.

Multiplex analysis of cytokines. Supernatants were taken from sorted or
unsorted T cells, cultured with T2 cells pulsed with HIV (negative con-
trol), M1, or Hul57 peptide for 24 hours. Samples were analyzed neat
and at a 1:10 dilution using the Biosource Human Cytokine 25-Plex kit
(Invitrogen) according to the manufacturer’s instructions and a Perkin-
Elmer Luminex 200 reader.

Intracellular FACS staining. Tetramer-sorted T cells were incubated ata 1:1
ratio, with HIV (negative control), M1, or Hul57 peptide-pulsed T2 stimu-
lator cells in 96-well plates, for either 6 hours (CD107a and cytokines) or
18 hours (IL-13 only staining) with CD107a antibody, 10 ug/ml brefeldin
A, and 6 ug/ml monensin in R10 medium. Cells were washed 3 times with
PBS, stained in FACS buffer with CD8 antibody for 20 minutes at 4°C, and
washed, followed by 30 minutes at 4°C with Cytofix/Cytoperm (BD Biosci-
ences — Pharmingen). After washing, cells were stained in Perm/Wash buf-
fer (BD Biosciences) with IFN-y, IL-13, and IL-4 antibodies for 30 minutes
at 4°C, followed by washing and acquisition on a BD FACSCaliber.

Microarray analysis. Tetramer-sorted T cells specific for each antigen
were incubated with mDCs pulsed with relevant peptide or irrelevant
peptide, or in anti-CD28- and tetramer-coated wells for 18 hours. Samples
of culture supernatants were taken, and the cells were lysed with buffer
RLT (RNAeasy kit; Qiagen) containing RNAsin (Promega). Probes for
genechips were synthesized by double amplification (Ambion) and hybrid-
ized onto Affymetrix HG133 Plus 2.0 chips. Data were normalized using
GeneSpring software (Agilent) gene chip-robust multiarray averaging
(GC-RMA) normalization, followed by application of a filtering signal of
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more than 100. Fold change of relevant peptide response compared with
irrelevant peptide response was determined for each T cell group.

In vitro skewing of T cells. Naive T cells were purified from normal donor ER*
cells using the Miltenyi Biotec Naive T Cell Isolation kit, followed by positive
selection for CD4* and CD8" T cells, according to the manufacturer’s instruc-
tions. One million T cells were plated in anti-CD3/CD28 coated 24-well plates
with 12.5 ug/ml IL-4 (Th1) or 2.5 ng/ml IL-12 (R&D Systems) and 5 ug/ml
anti-IL-4 (BioLegend) (Th2) for 4 days and then rested in the same cytokine
conditions for 7 days. T cells were then harvested and stimulated with 50 ng/ml
PMA and 1 ug/ml ionomycin for 4 hours before intracellular staining.

Statistics. To analyze the significance of changes in cytokine levels, a
2-tailed paired Student’s ¢ test was used. P values of less than 0.05 were con-

sidered significant.
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