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Figure 2 IFN-y production and proliferation of Tax-specific CD8" T-cells in HAM/TSP and cATL patients. (A) PBMCs from HAM/TSP and
CATL patients were stimulated with or without 10 uM Tax peptide for 6 hrs. The number indicates the percentage of IFN-y-producing cells in
tetramer” cells. (B) For CFSE-based T-cell proliferation, CFSE-labeled PBMCs from HAM/TSP and cATL patients were cultured in the presence or
absence of 100 nM Tax peptide for 6 days. The number indicates the percentage of dividing (CFSE®") cells in tetramer™ cells. The percentage of
tetramer™ cells among CD8” T cells in fresh blood is indicated in parenthesis under the patient ID.

could be detected in fresh blood (1.32%) and after 6 hrs
incubation as shown in Figure 2A, but not after 6 day-
culture, suggesting that Tax-specific CD8* T-cells in
this cATL patient had no proliferative capacity (Figure
2B). We tested PBMC from four other cATL patients
who had detectable Tax-specific CD8"* T-cells, but none
of them showed proliferation of Tax-specific CD8" T-
cells by either the CFSE-based proliferation assay or 13-
day culture (Additional file 1). Collectively, these results
indicate that Tax-specific CD8" T-cells from most cATL
patients are impaired in their capacities to proliferate
and produce IFN-y.

Diversity in the IFN-y production and cell proliferation of
Tax-specific CD8" T-cells in ACs

Our recent studies using the GST-Tax protein-based
assay demonstrated that the extent of Tax-specific T-
cell responses varied widely in ACs[20]. We then evalu-
ated proliferation and/or IFN-y production of tetramer-
binding Tax-specific CD8" T-cells in 14 ACs (Table 2).
Representative data on 4 of 14 ACs are shown in Fig-
ures 3A and 3B. In 3 ACs (#251, #313, and #360), Tax-
specific CD8" T-cells produced IFN-y and proliferated
in response to Tax peptide (Figures 3A and 3B). Simi-
larly to HAM/TSP samples, a large proportion of Tax-
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Table 2 Clinical information and summary for Tax-specific CD8" T cells in 14ACs

ID Age Sex WBC (D4 (%) CD8 (%) HLA  Tetramer (%) Functions and phenotype of Ably (%)’  PVL®
(/ul) Tax-specific CD8" T-cells®
IFN-f CFSE'S"W PD-16"
(%) (%) (%)
#217  70s F 6800 ND? 572 A24 194 277 789 78.7 0 14
#236  30s F 6500 ND 19 A24 254 31 0 54.1 0 22
#2383 60s F 5700 ND 127 Al 1.29 364 100 0 0 2
#2243 50s  F 4100 ND 246 A2/24 0.39/367 1.3 276 938 0 3
#245 40s F 5000 ND 226 A2 073 62.5 75 ND 1 58
#251  60s M 4800 ND 119 A2/11 0.70/8.23 358 844 36.7 0 2
#279  40s M 6200 34 116 A2/24 4.70/0.18 129 308 702 1 48
4287  70s M 4800 72,5 100 A2/24 117/0.23 1. 0 556 2 81
#309 60s F 4600 375 248 A11/24 6.88/4.26 51.7 76.2 85.3 15 29
#3311 60s F 3200 306 148 A2/24 102/1.94 513 ND ND 0 6
#312  50s F 2700 273 364 A24 203 778 ND ND ND UN'®
#313  60s M 7300 254 310 A24 (RN 55.7 60 906 ND 4
#315 50s F 7500 265 79 A2/24 6.88/0 245 847 20 06 17
#360 50s M 6200 377 299 A2 26 63.1 68.4 102 0 UN

'The number indicates percentage of CD4" or CD8* T cells in lymphocytes.

2The number indicates percentages of tetramer™ cells in CD8" T-cells. Two numbers divided by a slash represent those detected by two different tetramers

corresponding to two HLA alleles shown in the HLA column.

3|n case of a sample carrying two of three HLA-A alleles (A2, A11, or A24), Tax-specific CTLs predominantly detected by a tetramer were used. The number

represents percentage of indicated cells in the tetramer-binding CD8" T cells.

“Evaluated by intracellular IFN-y staining following 6 hours stimulation with corresponding Tax peptide.
SEvaluated by CFSE intensities in labeled PBMC after 6 days incubation with corresponding Tax peptide stimulation.
The number represents percentage of indicated PD-1*Tax-specific CD8™ T cells without culture.

?Ably; abnormal lymphocytes

8pVL; proviral load. The number represents copy number per 1000 PBMCs.
°ND; not determined

TOUN; undetectable

specific CD8" T-cells in these ACs spontaneously prolif-
erated without stimulation with Tax peptide, probably
due to viral reactivation in HTLV-1-infected cells in
vitro[38,39]. IFN-y production was specifically detected
for peptide stimulation, and 35.8-55.7% of Tax-specific
CD8" T-cells produced a good amount of IFN-y (mean
fluorescence intensity, MFI: 63.7-195.3) upon stimula-
tion in the samples of #251, #313, and #360. In contrast,
Tax-specific CD8" T-cells in one AC (#287) did not
proliferate in response to Tax peptide and showed a
very weak IFN-y response with low amounts of IFN-y
(MFI: 37.5) in a low percentage (11.1%) of Tax-specific
CD8" T-cells (Figures 3A and 3B). In other ACs (#243
and #279), low frequency of IFN-y* Tax-specific CD8"
T-cells was observed, but the levels of IFN-y production
(MFI: #243; 58.8, #279; 77.6) and the proliferative
responses were comparable to other ACs (Table 2).
Tax-specific CD8* T-cells in #236 failed to proliferate
but showed favorable IFN-y production (MFI: 80.1) in
31.1% of the cells.

Among AC samples tested, AC#287 carried higher
proviral load (81 copies in 1000 PBMCs) than any other
ACs (Table 2). Since Tax-specific CD8" T-cells in #287
had severely impaired IFN-y production and proliferative

potential, we examined the relationship of the function
of these T-cells with proviral loads. Both percentages of
IFN-y* and dividing Tax-specific CD8" T-cells among
CD8* T-cells were likely to be inversely correlated with
proviral loads although they were not statistically signifi-
cant (Figure 3C and 3D). Because of the limited avail-
ability of the samples, we focused mainly on two ACs
(#287 and #313) in the studies hereafter.

Dysfunction of Tax-specific CD8" T-cells and inefficient
CD8" cell-mediated HTLV-1 control in AC #287

To examine whether Tax-specific CD8" T-cell responses
were influenced by activation of antigen-presenting cells
(APCs), PBMC from #313 (responder) and #287 (low
responder) were stimulated with Tax peptide in the pre-
sence or absence of LPS, a potent activator of APCs
such as dendritic cells (DCs) and monocytes/macro-
phages. In #313, the frequency of Tax-specific CD8" T-
cells increased from 1.11% to 6.47% or 4.07% at day 13,
after stimulation with or without Tax peptide, respec-
tively. The frequency of Tax-specific CD8" T-cells in
#313 further increased in the presence of Tax peptide
and LPS (15.81%). In contrast to #313, the frequency of
Tax-specific CD8" T-cells in #287 decreased from 1.17%
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Figure 3 IFN-y production and cell proliferation of Tax-specific CD8" T-cells in ACs. (A, B) IFN-y production (A) and cell proliferation (8) of
Tax-specific CD8" T-cells in PBMCs from 4 ACs were assessed as in Figure 2. The number given in parenthesis shows mean fluorescence
intensity (MFI) of IFN-y expression in the IFN-y” tetramer™ cells. (C, D) Relation between the percentage of IFN=y" (C) or dividing (D) Tax-specific
CD8™ T-cells and proviral loads (PVL) in ACs. Dots represent individual ACs. The Spearman rank correlation test was used to determine
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to 0.2% after stimulation with Tax peptide, and was not
recovered by LPS stimulation (Figure 4A). In addition,
HTLV-1-infected cells have been reported to express C-
C chemokine receptor type 4 (CCR4) and have FoxP3"
Treg-like function[18,40]. However, the proliferative
ability of Tax-specific CD8" T-cells in #287 was not
restored even in the absence of CCR4" infected cells
(data not shown).

To further examine the function of Tax-specific CD8"
T-cells in #313 and #287, we observed the expression of
CD69, an early activation marker transiently expressed
on T Iymphocytes that precedes cytokine secretion after
antigenic stimulation, and CD107a, a marker of degra-
nulation associated with cytotoxic activity in an antigen-
specific manner[41]. CD69 was up-regulated on Tax-
specific CD8* T-cells in #313 when stimulated with Tax
peptide, but not in #287, which was in agreement with
their abilities to produce IFN-y (Figure 4B). In #313,
22.4% of Tax-specific CD8" T-cells mobilized CD107a
to the surface during a 6-hr culture with Tax peptide
stimulation, while CD107a surface expression was
detected on 4% of Tax-specific CD8" T-cells in the cul-
ture without stimulation (Figure 4C). However, no
CD107a mobilization was detected on the surface of
Tax-specific CD8" T-cells in #287 with or without Tax
peptide stimulation (Figure 4C). These results indicate
that HTLV-1-specific CD8" T-cells in AC #287 did not
properly activate upon antigen stimulation, and there-
fore failed to control HTLV-1-infected cells.

The Tax/HLA tetramers used in this study allow us to
evaluate the functions of CD8" T-cells only against an
immunodominant epitope, Tax. We therefore compared
HTLV-1 Gag p19 in the culture between whole and
CD8" cell-depleted PBMCs to examine the role of total
HTLV-1-specific CD8" T-cells including the dominant
Tax-specific CD8" T-cells, in suppression of HTLV-1
production from infected cells (Figure 4D). As expected,
depletion of CD8" cells from PBMCs in #313 led to sig-
nificantly higher HTLV-1 production compared to
whole PBMCs (P = 0.0115). In contrast, HTLV-1 p19
production increased only a little in the culture of CD8"
cell-depleted PBMCs in #287 (P = 0.1563), indicating
that HTLV-1-specific CD8" T-cells other than the
dominant Tax-specific CD8" T-cells might have a
reduced ability to control the infected cells in this
donor. It is of note that HTLV-1-infected cells from
both two donors carried intact HTLV-1 proviral geno-
mic DNA because HTLV-1 p19 could be detected after
7 day-culture.

Phenotypic analysis of functional and dysfunctional Tax-
specific CD8" T-cells

We next characterized the differentiation status of
memory T-cells in Tax-specific CD8" T-cells. Human
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CD8 T-cells may be classified as naive T-cells (CD45RA
*CCR7'CD27%), Tem (CD45RACCR77CD27%), Tem
(CD45RA"CCR7°CD27%), and Tpis (CD45RAYCCR7”
CD277) cells[42-44]. As shown in Figure 5A, almost all
Tax-specific CD8" T-cells in both #313 and #287 were
skewed to CD45RACCR7 CD27" Tgp cells, and there
was no essential difference between two donors.

A previous report has shown that PD-1 was highly up-
regulated on Tax-specific CD8" T-cells in ATL patients
and ACs[32]. We therefore examined PD-1 expression
on Tax-specific CD8" T-cells in several AC samples,
including #287. The frequency of PD-1* Tax-specific
CD8* T-cells was very high in #309 (85.3%) and #313
(96%) (Figure 5B and Table 2) while those Tax-specific
CD8" T-cells retained the proliferative and the cytokine-
producing abilities (Figure 3A and Table 2). In #287, the
frequency of PD-1-expressing Tax-specific CD8" T-cells
(55.6%) was lower than #309 and #313, but higher than
that of PD-1* CMVpp65-specific CD8" T-cells in the
same donor (Figure 5B). The levels of PD-1 expression
showed a similar tendency to the frequency of PD-1" T-
cells. In addition, the blockade of PD-1/PD-ligand 1
(PD-L1) pathway did not restore the proliferative capa-
city of Tax-specific CD8" T-cells in #287 (data not
shown).

Conserved functions of CMV-specific CD8" T-cells in #287
We next examined whether the impairment of prolifera-
tive capacity and effector functions observed in #287
CD8" T-cells were specific for HTLV-1 antigens or the
result of general immune suppression. PBMC from #287
contained CMVpp65-specific CD8" T-cells (2.3% of
CD8" T-cells), as detected by tetramer staining. The fre-
quency of CMVpp65-specific CD8" T-cells increased
from 2.3% to 66.0% following in vitro CMVpp65 peptide
stimulation, but not without the peptide stimulation
(Figure 6A). Antigen-specific IFN-y and CD69 expres-
sion were clearly detected in CMVpp65-specific CD8*
T-cells in #287 (Figures 6B and 6C). Furthermore,
CMVpp65-specific CD8" T-cells mobilized CD107a to
the surface in response to CMVpp65 peptide (Figure
6D). These results demonstrate that in #287, CMVpp65-
specific CD8" T-cells, but not Tax-specific CD8" T-
cells, have proliferative potential and effector functions,
such as cytotoxic activity and IFN-vy release, suggesting
that the impaired CD8" T-cell function in #287 was spe-
cific for HTLV-1.

Dysfunction of Tax-specific but not CMVpp65-specific
CD8" T-cells also in sATL patients

Finally, we extended the study to see whether patients
with early stage ATL might exhibit similar dysfunction
selective for HTLV-1-specific CD8" T-cells. We found
two smoldering ATL (sATL) patients (#110 and #353)
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Figure 4 Dysfunction of Tax-specific CD8" T-cells and inefficient CD8" cell-mediated HTLV-1 control in AC#287. (A) For antigen-specific
T-cell proliferation, PBMCs from #313 and #287 were cultured for 13 days with or without Tax peptide in the presence or absence of 0.1 pg/mi
LPS. The number indicates the percentage of tetramer” cells in CD8™ T-cells. (8, C) PBMCs were stimulated with or without 10 uM Tax peptide
for 6 hrs. The expression of CD69 (B) and CD107a (C) in Tax-specific CD8™ T-cells was analyzed by flow cytometry. (B) Bar indicates the
percentage of CD69” cells in Tax-specific CD8™ T-cells. (C) The number represents the percentage of CD107a* cells in Tax-specific CD8" T-cells.
(D) Whole PBMCs and CD8-depleted fractions in ACs (#287 and #313) were cultured for 7 days and HTLV-1 p19 in the supernatants were
measured by HTLV-1 p19 ELISA. P value was determined by the unpaired t test.
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Figure 5 Phenotypic analysis of functional and dysfunctional Tax-specific CD8" T-cells. (A) Differentiation memory phenotype, based on
the expression of CD45RA, CCR7, and CD27 and (B) PD-1 expression of Tax-specific CD8" T-cells from ACs were examined by flow cytometry.
The number represents the percentage of indicated marker-positive or -negative cells in tetramer” CD8* T-cells. The number given in
parenthesis shows MFI of PD-1 expression on the PD-17 tetramer” cells.

possessing 6.89% and 3.15% of tetramer-binding Tax-
specific CD8" T-cells, respectively. The sATL patient
#353 carried 5% of abnormal lymphocytes (ably) with a
normal range of lymphocyte number, whose status is
very close to the borderline with ACs. Patient #110 car-
ried 4% of abnormal lymphocytes with mild lymphocy-
tosis. Tax-specific CD8" T-cells of two sATL patients
(#110 and #353) did not proliferate in response to Tax
peptides as similarly observed in a cATL patient (#224)
(Figure 7A) and most other cATL patients (Figure 2A
and Additional file 1). In contrast, CMVpp65-specific
CD8* T-cells in both sATL patients vigorously prolifer-
ated when stimulated with CMVpp65 peptides.
CMVpp65-specific CD8" T-cells in a cATL (#224) also
proliferated, but to a lesser degree, which might reflect
general immune suppression in this patient (Figure 7).

Discussion

In this study, we detected Tax-specific CD8" T-cells in
87%, but not the rest of ACs tested, by using tetramers

—1

containing Tax major epitope-peptides presented by
HLA-A*0201, A*1101, and A*2402. Tax-specific CD8"
T-cells were also detected in 38% of cATL patients, but
at reduced frequencies and with severely impaired func-
tions. Further analysis of Tax-specific CD8" T-cells in
14 ACs indicated that they were functional in most of
ACs tested except one (#287), whose Tax-specific CD8"
T-cells poorly responded to specific peptides. However,
CMVpp65-specific CD8" T-cells of this individual were
fully functional. Similar T-cell dysfunction selective for
HTLV-1, but not CMV, was also observed in sATL
patients, one of which (#353) had no clinical symptoms
but 5% abnormal lymphocytes. General immune sup-
pression might partly account for the scarcity and/or
the dysfunction of Tax-specific CD8" T-cells in ATL
patients, but not those in the AC or the sATL patients
as they were selective for HTLV-1. These findings sug-
gest that HTLV-1-specific immune suppression is
undergoing in a minor group of ACs and an early stage
of ATL.
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Figure 6 Conserved functions of CMV-specific CD8" T-cells in AC#287. (A) For antigen-specific T-cell proliferation, PBMCs from #287 were
cultured for 13 days with or without 100 nM CMV peptide. The number indicates the percentage of CMV tetramer® cells in CD8* T-cells. (B-D)
PBMCs were stimulated with or without 10 uM CMV peptide for 6 hrs. IFN-y production (B), CD69 (C) and CD107a (D) expression of CMVpp65-
specific CD8" T-cells in #287 was analyzed by flow cytometry. (8, D) The number represents the percentage of the indicated marker-positive cells
in CMVpp65-specific CD8™ T-cells. (C) Bar indicates the percentage of CD69* cells in CMV-specific CD8™ T-cells.

CD107a

The presence of tetramer-binding Tax-specific CD8"*
T-cells in cATL patients, although at low frequencies,
implies that they have encountered antigen during the
chronic phase of ATL disease, suggesting that Tax may
be expressed in vivo. This may be supported by a pre-
vious report showing that virus-specific CD8" T-cells
fails to acquire memory T-cell property of long-term
antigen-independent persistence during chronic lympho-
cytic choriomeningitis virus (LCMYV) infection[45].
However, there is no direct evidence that infected cells
produce Tax in infected individuals. HTLV-1-specific T-
cell responses in cATL patients are largely different

from HAM/TSP patients. In HAM/TSP patients, Tax-
specific CD8" T-cells proliferated vigorously and a large
population of them produced IFN-v. In contrast, the
function of Tax-specific CD8" T-cells in cATL patients
was profoundly suppressed, similarly to tumor infiltrat-
ing lymphocytes (TIL)[46]. In cATL patients, Tax-speci-
fic CD8" T-cells that were detected before culture
decreased in number to undetectable or very low levels
after 6 days, regardless of peptide stimulation (data not
shown). This is not likely to be due to TCR down-regu-
lation, because TCRs on Tax-specific CD8* T-cells in
HAM/TSP patients are down-regulated on days 1 to 4
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Figure 7 Impaired proliferation of Tax-specific but not CMVpp65-specific CD8" T-cells in sATL patients. For antigen-specific T-cell
proliferation, PBMCs from sATL (#110; square, #353; triangle) and cATL (#224; circle) patients were cultured for 13 days with 100 nM Tax (A) or
CMV (B) peptide. Each dot indicates the percentage of tetramer” cells in CD8" T-cells at day 0 and day 13 after culture. Clinical information on
ATL patients used here is as follows; SATL#110: age; 40 s, gender; F, WBC#; 11,000/uL {lymphocyte (lym); 39%, abnormal lymphocytes (ably); 4%,
CATL#224: age; 50 s, gender; F, WBCH; 7900/uL (lym; 30%, ably; 33%), sSATL#353: age; 60 s, gender; M, WBC#; 4620/uL (lym; 39%, ably; 5%).

and reappeared by day 6 in vitro[34]. Moreover, we
could not observe any tetramer® CD8" T-cells even in
the 13-day culture (data not shown), suggesting these
cells might have died during the culture.

Severe dysfunction of Tax-specific CD8" T-cells was
observed not only in cATL patients, but also in an AC
#287. Fresh PBMCs of #287 contained 1.17% tetramer”
cells in the CD8" T-cell fraction. However, none of
these tetramer-positive T-cells proliferated in culture,
with or without Tax peptide stimulation (Figure 3B).
Although a few populations of them (11.1%) produced a
small amount of IFN-y, they lacked degranulation activ-
ity for cytotoxicity or expression of CD69, an early acti-
vation marker, upon specific stimulation (Figures 3 and
4). Importantly, CMVpp65-specific CD8" T-cells in the
same donor were clearly activated, and exhibited these
characteristics upon stimulation with pp65 peptides
(Figure 6). These observations indicated that the
impaired Tax-specific CD8" T-cells function in #287
was not attributable to general immune suppression, but
to an HTLV-1-specific phenomenon. In addition, CD8-
depletion study indicated that not only the dominant
Tax-specific CD8" T-cell function but also other HTLV-
1-specific CD8" T cell responses might be reduced in
#287 (Figure 4D). Since CMV-specific CD8" T-cells
responded well to the specific peptides, antigen-present-
ing cells in culture were not likely to be responsible for
the selective suppression of Tax-specific CD8" T-cells.

In addition, it has been shown that HTLV-1-infected
cells generally express CCR4 and have Treg-like func-
tion[18,40]. However, depletion of CCR4" cells did not
restore the proliferative ability of Tax-specific CD8" T-
cells (data not shown), indicating that suppression of
the infected cells were not likely to be the major reason
for the impaired Tax-specific CD8" T-cell function in
our culture system. These observations suggest that in
#287, Tax-specific CD8" T-cells themselves might lose
their functions.

Many chronic viral infections affect the phenotype,
function, and maintenance of memory T-cells
[24,42,47,48]. Ty cells predominate in infections in
which relatively high levels of antigen persist and con-
tinuous antigen stimulation are required for mainte-
nance of Tgp cells. As described in HAM/TSP patients
[34], Tax-specific CD8" T-cells in both ACs (#287 and
#313) were primarily enriched in Tgy memory pool in
spite of the functionality of Tax-specific CD8" T-cells
(Figure 5A), which may support continuous or periodi-
cal expression of viral antigen in vivo during an asymp-
tomatic stage.

PD-1 is known to play a major role in regulating T-
cell exhaustion during chronic infection. In this study,
we could not obtain any data supporting the involve-
ment of PD-1 in the dysfunction of Tax-specific CD8”
T-cells. However, we observed that Tax-specific CD8"
T-cells in some ACs showed IFN-y production, but not
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proliferative capacity (Table 2). This partially lacked
function of Tax-specific CD8" T-cells is similar to the
features of T-cell exhaustion. Whether Tax-specific CD8
* T-cells are exhausted in HTLV-1 infection, and
whether other molecules associated with T-cell exhaus-
tion are involved in the impairment of Tax-specific CD8
* T-cell responses are necessary to be clarified because
some inhibitory molecules such as T-cell imnmunoglobu-
lin and mucin domain-containing protein-3 (TIM-3),
lymphocyte activated gene-3 (LAG-3), and transcription
factors including BLIMP-1 are also found to be asso-
ciated with T-cell exhaustion [49)].

The incidence of Tax-specific CD8" T-cell detection
was high (87.0%) in ACs. Given the fact that the inci-
dence of Tax-specific CD8* T-cells in HAM/TSP
patients was 100%, a small fraction of ACs lacking
detectable tetramer-binding cells might lack Tax-specific
T-cell responses. Our previous study investigating GST-
Tax protein-based T-cell responses supports this notion
[20]. In the present study, even in ACs possessing Tax-
specific CD8" T-cells, at least one individual exhibited
T-cell dysfunction selectively for HTLV-1. The inci-
dence of tetramer-positive cells was reduced in ATL
patients (38.1%), and the function of these cells was
impaired in all the ATL patients even with detectable
tetramer-binding Tax-specific CD8* T-cells. Our find-
ings suggest that HTLV-1-specific T-cell responses are
selectively impaired in a small percentage of HTLV-1-
infected individuals in the asymptomatic stages, and the
proportion of individuals with such characteristics
increase as the stages proceed towards ATL. Strategies
to reactivate HTLV-1-specific T-cells at early stages
might contribute to a reduction in the immunological
risk of ATL.

Conclusions

Tax-specific CD8" T-cells were scarce and dysfunctional
in a limited AC population and ATL patients, and the
dysfunction of CD8" T-cells was selective for HTLV-1
in early stages. These results implied the presence of
some HTLV-1-specific T-cell suppressive mechanisms
even in asymptomatic stages, which are not a result of
general immune suppression in ATL but could be
underlying conditions toward disease progression.

Methods

Samples

Blood samples from 64 HTLV-1-seropositive individuals
were used in this study: 23 asymptomatic carriers (ACs),
18 HAM/TSP patients, 2 smoldering type ATL (sATL)
patients, and 21 chronic type ATL (cATL) patients. All
blood samples were obtained following written informed
consent, and this study was reviewed and approved by
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the Institutional Review Board of the Tokyo Medical
and Dental University.

Peptides

Peptides used in this study were HLA-A2-restricted CTL
epitopes (Tax11-19, LLFGYPVYV)[12] (Hokudo Co.,
Hokkaido, Japan) and (CMV495-503, NLVPMVATV)[50]
(Sigma Aldrich St. Louis, MO), HLA-A11-restricted CTL
epitope (Tax88-96, KVLTPPITH)[36] (Hokudo Co) and
HLA-A24-restricted CTLs epitopes (Tax301-309,
SFHSLHLF)[35] (Hokudo Co) and (CMV341-349,
QYDPVAALF)[51] (Sigma Aldrich).

Cell Surface staining

To select samples carrying HLA-A2, -Al1l, or -A24,
whole blood was screened with antibodies for HLA-A2,
-All, and -A24 subtypes (One Lambda, Inc., Los
Angeles, CA). FITC-conjugated goat anti-mouse Ig (G
+M) (Beckman Coulter Inc., Webster, TX) was used as
a secondary antibody. For cell surface staining, whole
blood samples were stained with the following fluoro-
chrome-conjugated mouse anti-human mAbs; CD3-
FITC, CD8-PE/Cy5, CD8-PerCP/Cy5.5 (RPA-TS, BioLe-
gend), CD27-FITC (0323, BioLegend) CD45RA-FITC
(HI 100, BD Biosciences), CD45RA-APC (HI 100, Bio-
Legend), CD69-FITC (FN 50, BioLegend), PD-1-FITC
(EH12.2H7, BioLegend), CCR7 (TG8/CCR?7, Biolegend).

Tetramer staining

PE-conjugated HLA-A*0201/Tax11-19, HLA-A*1101/
Tax88-96, HLA-A*2402/Tax301-309, HLA-A*0201/
CMVpp65, HLA-A*2402/CMVpp65 tetramers were pur-
chased from MBL (Nagoya, Japan). Whole blood sam-
ples or peripheral blood mononuclear cells (PBMCs)
were stained with PE-conjugated Tax/HLA tetramer in
conjunction with FITC-conjugated anti-CD3 (UCHT]1,
BioLegend San Diego, CA), and PE-Cy5-conjugated
anti-CD8 monoclonal antibodies (mAbs) (HIT8a, BD
Biosciences San Jose, CA). Whole blood samples were
lysed and fixed in BD FACS lysing solution (BD Bios-
ciences) before washing the cells. Samples were analyzed
on a FACSCalibur (Becton Dickinson, San Jose, CA)
and data analyses were performed using CellQuest soft-
ware (Becton Dickinson).

Tetramer-based IFN-y flow cytometry

Tetramer-based intracellular IFN-y flow cytometry was
performed as described previously[17], with slight modi-
fications. In brief, PBMCs (2.0 x 10° cells) were incu-
bated with HLA tetramer-PE and anti-CD8-PE/CyS5,
washed, and stimulated with 10 uM antigenic peptide
for 6 hrs at 37°C in the presence of brefeldin A (BFA,
10 pg/ml; Sigma Aldrich). The cells were stained with a
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tetramer, permeabilized, and stained with anti-human
IFN-y-FITC (4S.B3, BD Biosciences).

T-cell proliferation

PBMCs (2.0-5.0 x 10° cells/well) labeled with carboxy-
fluorescein succinimidyl ester (CFSE; Sigma Aldrich)
were cultured for 6 days with or without 100 nM anti-
genic peptide and then stained with Tax/HLA tetramer-
PE and anti-CD8-PE/Cy5. In some experiments, PBMCs
(2.0 x 10° cells) were cultured for 13 days with 100 nM
antigenic peptide and 10 U/ml recombinant human IL-2
(IL-2; Shionogi, Osaka, Japan) in the presence or
absence of 0.1 pug/ml Lipopolysaccharide (LPS; Sigma
Aldrich). The cells were then stained with HLA tetra-
mer-PE, anti-CD8-PE/Cy5 and anti-CD3-FITC, and ana-
lyzed by flow cytometry.

Quantification of HTLV-1 proviral load

The HTLV-1 proviral load was measured using LightCy-
cler DNA Master SYBR Green 1 (Roche, Mannheim, Ger-
many) with a LightCycler (Roche). Genomic DNA was
extracted from PBMCs (2 x 10° cells) using DNeasy Blood
& Tissue kits (QIAGEN, Courtaboeuf, France). The pri-
mer sets used in this study were as follows: pX2 (5'-
CGGATACCCAGTCTACGTGTTTGGAGACTGT-3)
and pX3 (5-GAGCCGATAACGCGTCCATCGATGG
GGTCC-3’) for HTLV-1 pX, and B-globin (5-ACA-
CAACTGTGTTCACTAGC-3") and aB-globin. (5'-
CAACTTCATCCACGTTCACC-3’) for B-globin. The
proviral load was calculated as: [(copy number of pX)/
(copy number of -globin/2)] x 1000. HTLV-1 proviral
loads in some of the PBMC samples were measured by the
Group of Joint Study on Predisponsing Factors of ATL
Development (JSPFAD, Japan) as described previously
[20].

CD107a mobilization assay

PBMCs were stained with Tax/HLA tetramers-PE and
anti-CD8-PE/Cy5, washed, and stimulated with 10 pM
antigenic peptide for 6 hrs at 37°C in the presence of
mouse anti-human CD107a-PerCP/Cy5.5 (H4A3, Biole-
gend) or mouse IgG;-PerCP/Cy5.5 (MOPC-21, Biole-
gend). BFA (10 pg/ml) was added 1 hr after incubation
was started. The cells were then collected and stained
with an HLA tetramer.

Depletion of CD8" cells and Detection of HTLV-1 p19

CD8" cells were depleted from PBMCs by negative selec-
tion using 10-fold numbers of Dynabeads M-450 CD8
(Invitrogen, Carlsbad, CA), according to the manufac-
turer’s instructions. The PBMCs were adjust to 1 x 10°
cells/ml before depletion, and the resulting CD8" cell-
depleted fractions were resuspended in medium with the
same initial volume, irrespective of the remaining cell
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number. PBMCs (1 x 10° cells/ml) and CD8" cell-
depleted PBMCs were cultured for 7 days. HTLV-1 p19
in the supernatants of those PBMCs were measured by
HTLV p19 antigen ELISA (RETRO tek, Buffalo, NY).

Statistics

The Mann-Whitney U-test, the unpaired t test, and the
Spearman rank correlation test were performed for sta-
tistical significance by using the Graphpad Prism soft-
ware (Graphpad Software). In all cases, two-tailed P
values less than 0.05 were considered significant.

Additional material

Additional file 1: Tax-specific CD8* T-cells in cATL patients could
not proliferate against Tax-peptide stimulation. (A) CFSE-labeled
PBMCs were cultured with or without 100 nM Tax-peptide for 6 days.
The number indicates the percentage of tetramer™ cells in CD8* T cells
(Day 0) or the percentage of dividing (CFSE ') cells in Tax-specific CD8*
T-cells (Day 6). In a cATL sample #54, CFSE-labeled PBMCs were cultured
in the presence of mouse IgG for other experiment. (8) PBMCs (#224)
and CCR4-depleted PBMCs (#280) were cultured for 13 days in the
presence of 100 nM Tax-peptide. The number indicates the percentage
of tetramer® cells in CD8" T-cells.
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We have previously conducted clinical trials of allogeneic
hematopoietic SCT with reduced-intensity conditioning
regimen (RIC) for adult T-cell leukemia/lymphoma
(ATLL)—a disease caused by human T-lymphotropic
virus type 1 (HTLV-1) infection and having a dismal
prognosis. Long-term follow-up studies of these trials
revealed that 10 of the 29 patients have survived for a
median of 82 months (range, 54-100 months) after RIC,
indicating a possible curability of the disease by RIC.
However, we have also observed that the patterns of post-
RIC changes in HTLV-1 proviral load over time among
the 10 survivors were classified into three patterns. This is
the first report to clarify the long-term outcomes after
RIC for ATLL patients.

Bone Marrow Transplantation (2011) 46, 116-118;
d0i:10.1038/bmt.2010.92; published online 19 April 2010
Keywords: adult T-cell leukemia/lymphoma; allogeneic
hematopoietic SCT; reduced-intensity conditioning regi-
men; HTLV-1 proviral load

Introduction

Adult T-cell leukemia/lymphoma (ATLL) is a peripheral
T-cell malignancy that is caused by human T-lymphotropic
virus type 1 (HTLV-1) infection and commonly affects
individuals at an average age of 60 years. It has been
reported that the 4-year survival rate was only 10.3%; in
particular, patients with an acute or lymphoma subtype
showed a dismal prognosis with a 4-year survival rate of
approximately 5.0%.! Several retrospective studies for
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ATLL patients younger than 50 years have suggested the
possible usefulness of allogeneic hematopoietic SCT
(allo-HSCT) with a conventional conditioning chemothe-
rapy regimen. However, the treatment-related mortality by
conventional allo-HSCT was high (40-60%), probably due
to the disease-specific immune deficiency at diagnosis.>™
This unacceptable level of mortality, even in the case
of young patients, critically deters the applicability of
conventional allo-HSCT for the general population of
ATLL.

To permit the application of allo-HSCT for ATLL in
patients aged more than 50 years, we can consider
allo-HSCT for ATLL conditioned with reduced-intensity
regimen (hereafter, allo-HSCT conditioned with reduced-
intensity regimen is referred to as ‘RIC’). Few retrospective
studies have reported the results of RIC for ATLL so far;
Shiratori er al® followed up 15 patients after allo-HSCT
(including 10 who received RIC) whose median age was 57
years and reported that the OS rate at 3 years reached 73%.
Kato er al.® investigated the results of 33 patients with allo-
HSCT from unrelated donors but this study included only 6
patients receiving RIC. However, our study group had
previously activated the first clinical trials of RIC in 2001.
These were two trials to clarify the feasibility of RIC: one
studied RIC administered with immunosuppressant antithy-
mocyte globulin (ATG) and the other studied RIC without
ATG. The results have been already published elsewhere”*
and the treatment-related mortality in both trials collec-
tively decreased to the 20% level, showing that RIC is a
promising procedure for ATLL patients more than 50 years
of age. In this report, we present the results of long-term
follow-up of the two trials and discuss the longitudinal
patterns of changes in HTLV-1 proviral load in survivors.

Patients and methods

The patient characteristics have been described in the
previous reports.”® Briefly, patients were eligible if they had
ATLL of acute or lymphoma type and were aged between
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50 and 70 years. The patients were required to be in either
CR or PR at the time of trial registration, and to have a
HLA-identical sibling donor. The conditioning regimen
consisted of fludarabine (30 mg/m? per day) for 5 days and
BU (1 mg/kg orally per day) for 2 days. The patients in the
first study also received low-dose ATG (2.5 mg/kg per day)
for 2 days, whereas those in the second study did not. On
day 0, G-CSF-mobilized peripheral blood grafts from their
HLA-identical sibling donors were transplanted. To pre-
vent GVHD, we continuously infused CYA (3 mg/kg per
day) starting on day —1. The degree of donor-recipient
chimerism in peripheral blood mononuclear cells was
examined according to the previously reported method.®
The HTLV-1 proviral load was estimated using blood
samples obtained before and at 1, 2, 3, 6, 12 months and
every year after transplantation. HTLV-1 proviral DNA
was measured by the quantitative PCR amplification of
HTLV-1 pX DNA." The detection limit of the HTLV-1
proviral load was 0.5 copies per 1000 cells. The OS curve
was estimated by the Kaplan—Meier method.

Results and discussion

Long-term survivors after RIC
In all, 15 and 14 patients were registered in the first and
second studies, respectively. Eleven (six and five in the first
and second studies, respectively) and eight (four in each
study) patients died because of ATLL and the treatment,
respectively. The last treatment-related death occurred 26
months after RIC. Characteristics of the remaining 10
patients (5 in each study) are summarized in Table 1. They
are currently alive with a median follow-up period of 82
months after RIC (range, 54-100 months). Of the surviving
patients, six and four patients had the acute and lymphoma
types of ATLL. Of 10 patients, 5 received the grafts from
HTLV-1-positive sibling donors. The OS rate at 60 months
(5 years) was 34% (95% confidence interval, 18-51). No
death was reported beyond 36 months after RIC (Figure 1).
Of the 10 survivors, 3 developed nonhematological
relapse in the skin and/or lymph nodes within a half year
after RIC (Table 1). However, remission was achieved
again in these patients after the discontinuation of CYA,

Table 1 Characteristics of long-term survivors

Long-term outcomes after RIC allo-HSCT for ATLL
| Choi et al

immunosuppressive agent, and the administration of
additional treatments. In one of these patients, remission
was achieved with the cessation of CYA alone. Two other
patients were treated with systemic chemotherapy as well as
local irradiation or donor lymphocyte infusion after the
discontinuation of CYA, and thereafter obtained remission.
These three patients survived for 100, 88 and 54 months
after RIC, respectively. Because disease recurrence is
usually fatal, the clinical course for the three patients was
unique. It is suggested that the newly established immuno-
logical environment after RIC might have contributed to
the eradication of ATLL lesions after early relapse.

All the 10 survivors developed acute GVHD (9 grades
I-II and 1 grade III). Chronic GVHD was observed in all
but one patient. Although immunosuppressive treatment
was discontinued in 9 of the 10 patients, 1 patient is still
receiving treatment due to active chronic GVHD. The
development of chronic GVHD may suggest the presence
of the graft-vs-ATLL effect. Of note is that 8 of 10
survivors received RIC when they were in PR after
induction chemotherapy.

Kinetic patterns of HTLV-1 proviral load in long-term
SUFVIvors
Serial changes in the HTLV-1 proviral load after RIC in the
10 long-term survivors are shown in Figure 2. The changes
in the proviral load are heterogeneous but can be roughly
classified into three patterns. In the first pattern, the
proviral load became undetectable after RIC and continued
to remain soj; this pattern was seen in three patients. In the
second pattern, the proviral load had become undetectable
but returned to detectable levels thereafter; this pattern was
also seen in three patients, all of whom had received RIC
from HTLV-1-negative donors. Finally, in the third
pattern, the proviral load had remained at the carrier level
in four patients; these patients received the grafts from
donors who were HTLV-1 carriers. All the 10 survivors
continue to show complete donor chimera during the
observation period regardless of the HTLV-1 proviral load
level.

We noted that one survivor who was donated graft from
an HTLV-1 carrier showed a strikingly high proviral load
(nearly 1000 copies) during the first year after RIC; this

Age Gender ATL

Donor status Status  Acute Chronic Relapse

Treatment after Current Karnofsky Survival after

(years) subtype of HTLV-1 at RIC GVHD GVHD relapse PS score (%) RIC (months)
62 Male  Acute (+) PR 1 Yes  Lynd, skin (day 28) d/c CsA >90 100
66 Female Acute (+) PR 11 Yes No >90 98
51 Male  Acute (=) PR 11 Yes No >90 98
53 Male  Lymph (=) PR I Yes No >90 91
54 Male  Lymph (-) CR I Yes  Lynd (day 171) d/c CsA, Rx, Cx >90 88
55 Male Lymph (+) PR 11 Yes No >90 75
62 Male  Acute (+) CR I Yes No >90 74
50 Female Lymph (-) PR 1 Yes No >90 62
56 Male  Acute (~) PR 11 Yes  Skin (day 29) d/c CsA, DLI, steroid >90 54
53 Female Acute (+) PR 111 No No >90 54

Abbreviations: Cx =chemotherapy; d/c=discontinued; DLI=donor

lymphocyte infusion; lynd=Ilymph node; PS=performance status;

RIC = hematopoietic stem cell transplantation conditioned with reduced-intensity regimen; Rx = radiation therapy.
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Figure 1 Kaplan-Meier curves for OS following RIC for ATLL. Circles
show survivors (censored cases).

10,000
. 1,000
RO
ez
-
gg 100
sS
ax ,
- E 10
= o
T 2 1 e ;
0 \ e
5 ‘xﬂh o “; o . o
LI 8 gl <

before 1 2 3 4 6 12 24 36 48 60 72 84 96
Months after RIC

Figure 2 The longitudinal patterns of HTLV-1 proviral load after RIC
in 10 long-term survivors. The HTLV-1 proviral load was measured by
assaying serial blood samples after RIC by real-time PCR amplification of
pX DNA and is expressed as copies per 1000 mononuclear cells (MNC).
A load of less than 0.5 copies per 1000 MNC was considered undetectable,
which is shown by the shaded area. A solid line indicates a patient who
received a transplant from an HTLV-1 carrier donor whereas a dotted line
indicates a patient from an HTLV-1-negative donor. Each circle, triangle
or square indicates the latest measurement for the patient. Circle shows a
pattern that the proviral load became undetectable after RIC and
continued to remain so. Triangle shows a pattern that the proviral load
had become undetectable but returned to detectable levels thereafter. Square
shows a pattern that the proviral load had remained at the carrier level.

load then gradually decreased to the carrier level in the
second year and the patient is currently surviving without
any relapse. A temporary proliferation of HTLV-1-infected
(nonleukemic) donor cells, as confirmed by a chimerism
analysis, might have occurred due to some unknown
etiology.

Conclusion

The long-term follow-up in our prospective studies has
shown that one-third of the patients have survived and
remain free of ATLL. We have also observed the different
patterns of changes in proviral load; the pattern of changes
in patients who received the grafts from HTLV-1-positive
donors was different from that in patients who received the

lone Marrow Transplantation

grafts from HTLV-1-negative donors. In conclusion, this is
the first report on the long-term outcomes of ATLL
patients who received allo-HSCT, and we have confirmed
that RIC from matched sibling donors is a feasible
treatment modality for ATLL, and that this treatment
has a possible curative effect in patients with ATLL.
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The creation of subunit vaccines to prevent malaria infection has been hampered by the intrinsically weak
immunogenicity of the recombinant antigens. We have developed a novel strategy to increase immune re-
sponses by creating genetic fusion proteins to target specific antigen-presenting cells (APCs). The fusion
complex was composed of three physically linked molecular entities: (i) a vaccine antigen, (ii) a multimeric
a-helical coiled-coil core, and (iii) an APC-targeting ligand linked to the core via a flexible linker. The vaccine
efficacy of the tricomponent complex was evaluated using an ookinete surface protein of Plasmodium vivax,
Pvs25, and merozoite surface protein-1 of Plasmodium yoelii. Inmunization of mice with the tricomponent
complex induced a robust antibody response and conferred substantial levels of P. vivax transmission blockade
as evaluated by a membrane feed assay, as well as protection from lethal P. yoelii infection. The observed effect
was strongly dependent on the presence of all three components physically integrated as a fusion complex. This
system, designated the tricomponent immunopotentiating system (TIPS), onto which any recombinant protein
antigens or nonproteinaceous substances could be loaded, may be a promising strategy for devising subunit

vaccines or adjuvants against various infectious diseases, including malaria.

Adjuvants are defined as any substances that enhance immune
responses to vaccine antigens; however, they can be categorized
into targeting molecules or systems that facilitate the delivery of
antigens to antigen-presenting cells (APCs) and substances that
help elicit their activation (2, 11, 14, 25, 27). Adjuvants are essen-
tial components of recombinant protein-based subunit vaccines,
because nonreplicating inert antigens are often weakly immu-
nogenic when administered in the absence of extraneous
adjuvants (25). Aluminum hydroxide (Alum) is the only ad-
juvant that has been used clinically over the past several decades
(11), but recently a number of APC-activating adjuvants have
been developed, and some of them have already been released to
the international market (14, 27). However, no targeting mole-
cules or systems are licensed for clinical use yet.

Dendritic cells (DCs) are considered the most effective
APCs. They have highly efficient and specialized functions in
the uptake and presentation of foreign antigens to T and B
lymphocytes, allowing them to mount appropriate immune re-
sponses (5, 8). DCs are important initiators and modulators of
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immune responses, and hence, in the field of vaccine research,
much attention has been focused on the APC function of DCs.
However, B lymphocytes also take up foreign antigens via
surface immunoglobulin (Ig) (B cell receptors [BCRs]) and
present protein epitopes through the major histocompatibility
complex (MHC) class II-T cell receptor interaction for anti-
body production (9, 10, 17, 23, 24, 33, 34). Thus, B lymphocytes
are unique in that they are APCs as well as effector cells. An
additional unique feature of B lymphocytes, which distin-
guishes them from DCs, is that they can recognize conforma-
tional epitopes (for example, those present on the surfaces of
protein antigens) in addition to linear epitopes. They capture
cognate antigens via specific BCRs, present linear epitopes
within the captured antigen on the MHC class II molecules,
and subsequently receive cognate help from T lymphocytes in
the secondary lymphoid organs, such as local draining lymph
nodes (10). This T-B lymphocyte interaction does not require
DC involvement (26, 33). Therefore, it is theoretically plausi-
ble that targeting of the BCRs present on the surfaces of the B
Iymphocytes in the follicles of the draining lymph nodes by
exploiting the Ig binding ligands would increase the chance
that antigens would encounter cognate B lymphocytes in the
follicles and would be captured and presented to T lympho-
cytes for efficient antibody production. By exploiting this
immunological mechanism, it may be possible to augment
immune responses to otherwise weakly immunogenic re-
combinant antigens (2).
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TABLE 1. Sequences of oligonucleotides and a synthetic gene encoding the COMP(Gly26-Gly80) coiled-coil domain used in this study

Oligonucleotide

Sequence”

FEL ottt 5'-CCATGGGTAGCATTATCAACGAAACCGCCGATGATATTGTGTATCGCTTGACCGTGAT
CATTGATGATCGCTATGAAAGCCTGAAAAATCTGATTACCTTACGTGCCGACCGCCTG
GAAATGATTATTAATG-3'

FE2 ettt 5"-CTCGAGCGGGCCCGGGCCGCTACCGCCACCGCCGTGATGATGGTGATGATGGCTACC
GCCACCGCCCGGGCCCGGGCCGATGCTCGCCAAGATGGTCGAAACATTGTCATTAAT
AATCATTTCCAGGCGGTC-3’

FED st 5'-GTCGACGTGGATAACAAATTTAATAAAGAACAGCAGAACGCCTTCTATGAAATTCTG
CATCTGCCGAACCTGAACGAAGAACAGCGTAACGCCTTTATTCAGAGCCT-3’

o e 5'-CTCGAGTTATTTCGGGGCCTGTGCATCGTTCAGTTTTTITGGCTTCTGCCAGCAGATTG
GCGCTCTGGCTCGGATCATCTTTCAGGCTCTGAATAAAGGCGTTACGCT-3'

FED e et 5'-TCGACCATCTTGGCGTGCATCGGCCCGGGCCCG-3’

#6.. ..5"-CGGGCCCGGGCCGATGCACGCCAAGATGGTCG-3'

#7.... ..5"-CCGGGCCCGGGCGGTTGCGGCGGTAGCCATCATCAC-3'
FEB et 5'-ATGATGGCTACCGCCGCAACCGCCCGGGCCCGG-3'

FED e 5-GCGCCATGGGTGATCTGGCGCCGCAGATG-3’

#10. ..5"-GGCTCGAGGCCACACGCATCGCATTCCATAAC-3’

FLL e 5-TCGACGGCCCGGGCCCGGGCGGTGGCGGTAGCCATCATCACCATCATCACGGCGGTG
GCGGTAGCGGCCCGGGCCCGL-3!

FL2 oS ~-TCGAGCGGGCCCGGGCCGCTACCGCCACCGCCGTGATGATGGTGATGATGGCTACCG
CCACCGCCCGGGCCCGGGLCG-3'

COMP(Gly26-GIy80) w..ccvrceercireeverrerreerennenne 5'-GGCGGTGATCTGGCGCCGCAGATGCTGCGCGAACTGCAGGAAACCAACGCGGCCCT

GCAAGATGTGCGTGAACTGCTGCGCCAGCAAGTGAAAGAAATTACCTTTCTGAAAAA
TACCGTTATGGAATGCGATGCGTGTGGCATGCAGCCGGCCCGTACCCCGGGC-3

¢ Underlined sequences represent restriction enzyme recognition sites.

It should be noted that certain anti-infectious vaccines need
to rely on recombinant subunit proteins, because some infec-
tious diseases, including malaria and other parasitic diseases,
defy conventional methods of pathogen inactivation or atten-
uation for vaccine production; therefore, antigens derived
from these pathogens need to be transformed into efficacious
vaccines with the help of adjuvants (2).

In this study, we devised a new immune enhancing system
for the development of malaria vaccines, and to demonstrate
its efficacy, we exploited two malaria parasite antigens, the
Plasmodium vivax ookinete surface protein (OSP) Pvs25 and
Plasmodium yoelii merozoite surface protein-1 (MSP1), which
are known to require native conformational epitopes in order
to function as effective vaccines (7, 16, 31, 32). We also ex-
ploited the Z domain, a derivative of the B domain of the
Ig-binding domains (IBDs) of Staphylococcus aureus protein A
(SpA), as a targeting ligand for B lymphocytes (19). The Z
domain was genetically conjugated to an «-helical coiled-coil
multimer-forming domain (20) of tetrabrachion (TB) (29) or
cartilage oligomeric matrix protein (COMP) (12) both to in-
crease its structural stability and binding avidity and to facili-
tate receptor cross-linking. We demonstrated that antigens
loaded onto these multimeric delivery complexes targeted B
lymphocytes and robustly enhanced antiparasitic immunity
when administered to mice through the subcutaneous (s.c.) or
intranasal (i.n.) route. Furthermore, not only are all three of these
components (i.e., the antigen, the core motif, and the ligand)
essential, but they must also be integrated into the fusion complex
for the efficient induction of an immune response.

MATERIALS AND METHODS

Construction of the TB- and COMP-based delivery molecule expression plas-
mids. An Escherichia coli codon-optimized synthetic gene encoding the TB
coiled-coil domain (Glyl to Ile52; Protein Data Bank [PDB] accession no.
I'YBK) fused to a spacer sequence (see Fig. la, region b) was constructed by

annealing two overlapping oligonucleotides {oligonucleotides #1 [sense] and #2
[antisense], containing an Ncol and an Xhol site, respectively), followed by PCR
amplification using Venr DNA polymerase (New England BioLabs, Beverly,
MA). The amplified fragment was cloned into pCR2.1 (Life Technologies, Carls-
bad, CA), and then, after digestion with NcoI and Xhol, the fragment generated
was subcloned into the corresponding sites in pET-21d (Merck KGaA, Darm-
stadt, Germany) to construct the TB-spacer (TB coiled-coil domain fused to a
spacer) expression plasmid (see Fig. 1a). Similarly, a synthetic gene encoding the
Z domain (Vall to Lys58; PDB accession no. 2SPZ), a derivative of the B
domain of SpA, was PCR amplified by annealing two overlapping oligonucleo-
tides (oligonucleotides #3 [sense] and #4 [antisense], containing a Sall and an
Xhol site, respectively). The amplified fragment was cloned into pCR2.1, which
was then digested with Sall and Xhol, and the fragment generated was subcloned
into the Xhol site on the pET-21d-TB-spacer expression plasmid to construct the
TB-Z expression plasmid (Fig. la).

Next, to introduce a cysteine (Cys) residue into the TB-Z to construct TB-
(Cys)-Z, site-directed mutagenesis was performed (QuikChange II site-directed
mutagenesis kit; Agilent Technologies Inc., Wilmington, DE). TB(S52C)-Z was
constructed by substituting Cys for serine 52 (Ser52) within the TB coding region
(see Fig. 1a, region b) by PCR using primer set #5 (sense)-#6 (antisense) with
the TB-Z expression plasmid as template DNA. Similarly, TB(C60)-Z was con-
structed by PCR using primer set #7 (sense)-#8 (antisense) to introduce a Cys
residue immediately after Gly59 (see Fig. la, region b).

A gene encoding the COMP coiled-coil domain (Gly27 to Gly72; PDB acces-
sion no. 1VDF) was PCR amplified by using primer set #9 (sense)~#10 (anti-
sense), containing an Ncol and an Xhol site, respectively, and plasmid DNA
containing an E. coli codon-optimized synthetic gene encoding COMP(Gly26-
Gly80) as the template (12). The amplified fragment was digested with Ncol and
Xhol and was subcloned into the corresponding sites in pET-22b (Merck KGaA)
to construct the COMP expression plasmid (see Fig. 2a). To fuse a spacer
sequence to the COMP, two oligonucleotides (oligonucleotides #11 [sense] and
#12 [antisense]) were annealed and inserted into a unique Xhol site in the
COMP expression plasmid, constructing the COMP-spacer expression plasmid.
For construction of the COMP-spacer fused to the Z domain {COMP-Z), oli-
gonucleotides #3 and #4 were used as described above for the construction of
the TB-Z expression plasmid (Fig. 2a). Table 1 lists the sequences of all the
oligonucleotides and of a synthetic gene encoding the COMP(Gly26-Gly80)
coiled-coil domain (12) used in this study.

Expression and purification analysis of the delivery molecules. E. coli
BL21(DE3) was transformed with each engineered expression plasmid and was
cultured in LB broth with ampicillin; then protein expression was induced by the
addition of 1 mM isopropyl-B-p-thiogalactopyranoside (IPTG). After a 16-h
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induction, the supernatant was collected by centrifugation (9,600 X g, 20
min), followed by filtration (FastCap filter; pore size, 0.2 mm; Nalgene Nunc
International Inc., Rochester, NY). The supernatant was subjected to Ni-
nitrilotriacetic acid (NTA) affinity chromatography (HisTrap FF [Fast Flow]
columns prepacked with Ni Sepharose 6; GE Healthcare, Little Chalfont,
United Kingdom).

Affinity-purified proteins were analyzed by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) or native PAGE. Proteins were trans-
ferred to a polyvinylidene difluoride (PVDF) membrane, blocked with 10% skim
milk in phosphate-buffered saline (PBS), and washed with PBS-T (PBS with
0.05% Tween 20). Then the membrane was incubated with horseradish peroxi-
dase (HRP)-conjugated goat IgG (1:4,000; Santa Cruz Biotechnology Inc., Santa
Cruz, CA). Chemiluminescence was detected using the Western Lightning kit
(Perkin-Elmer, Inc., Waltham, MA). Purified proteins were also analyzed by size
exclusion chromatography (flow rate, 0.8 ml/min; Hil.oad 16/60 Superdex 75 pg
column; GE Healthcare).

Chemical conjugation of antigens to delivery molecules. Recombinant Pvs25H-A
was expressed and purified as described previously (22) and was chemically
conjugated to the affinity-purified TB(Cys)-Z [TB(S52C)-Z or TB(C60)-Z] or
COMP-Z using the heterobifunctional cross-linker N-succinimidyl-3-(2-pyridyl-
dithio)propionate (SPDP; Thermo Scientific, Inc., Rockford, IL). Six milligrams
of Pvs25H-A (2 mg/ml in PBS-EDTA) was incubated with SPDP (final concen-
tration, 0.6 mM) for 1 h at room temperature (designated Pvs25H-AP" in Fig.
3a). The reaction mixture was buffer-exchanged with PBS (Amicon Ultra-15
centrifugal filter unit; molecular weight cutoff [MWCO], 10,000; Millipore, Bil-
lerica, MA) to remove excess reagents and by-products. Concomitantly, 5 mg of
the TB(Cys)-Z or COMP-Z (2 mg/ml in PBS-EDTA) was treated with dithio-
threitol (DTT; 50 mM) for 30 min at 37°C and was buffer-exchanged with PBS
[designated TB(Cys)-Z™* or COMP-Z™ in Fig. 3a)]. Three milligrams of
Pvs25H-AP" and 1 mg of TB(Cys)-Z*® or COMP-Z™¢ were mixed and incu-
bated at room temperature overnight for conjugation. The conjugated sample
was buffer-exchanged with PBS as before.

A 19-kDa C-terminal fragment of MSP1 (MSP1-19) of the rodent malaria
parasite P. yoelii was loaded onto the delivery molecules using essentially the
same conjugation method as that described above for the Pvs25H-A antigen.

The endotoxin levels of all of the conjugated proteins were measured (Pyrogen
Single Test Vials; Cambrex, East Rutherford, NJ) prior to administration to
mice, and we found that they were less than 15 pg endotoxin/pg of protein.

Ig-ELISA. A human IgG—enzyme-linked immunosorbent assay (ELISA) was con-
ducted to analyze the tricomponent complexes. Briefly, 5 pg/ml of human IgG
(Sigma-Aldrich, St. Louis, MO) diluted with bicarbonate buffer (15 mM Na,CO;,
35 mM NaHCOj; [pH 9.6]) (50 pliwell) was used as a capture antigen for the Z
domain-containing proteins; it was applied to a 96-well microtiter plate (Sum-
ilon; Sumitomo Bakelite Co., Ltd., Tokyo, Japan) and was incubated at 4°C
overnight. The plate was blocked with PBS containing 1% bovine serum albumin
(BSA) for 2 h at 37°C. Samples (2 pg of total protein/well) were applied and
incubated for 2 h at 37°C, followed by incubation with 5 pg/ml of human IgG for
2 h at 37°C to mask unbound free Z domains. A mouse anti-His tag antibody
(1:4,000; GE Healthcare), a mouse anti-Pvs25 antiserum (1:500), or a mouse
anti-MSP1-19 antiserum (1:100) was applied and incubated for 2 h at 37°C.
Anti-mouse IgG conjugated to alkaline phosphatase (AP) (1:4,000; Sigma-Al-
drich), followed by p-nitrophenylphosphate (Bio-Rad Laboratories Inc., Red-
mond, WA), was added and incubated for 20 min at 37°C. The optical density at
415 nm (ODy,s) was measured using a microplate reader (Bio-Rad).

Using essentially the same human IgG-ELISA protocol as that described
above, the affinity of the COMP-Z delivery molecule for various human or mouse
Igs was evaluated. The Igs used as capture antigens were 5 pg/ml of human or
mouse IgG (Sigma-Aldrich), 10 pg/ml of human (Sigma-Aldrich) or mouse
(Bethyl Laboratories Inc., Montgomery, TX) IgM, 10 pg/ml of human or mouse
IgA (Sigma-Aldrich), 10 pg/ml of human IgG1 Fab lambda or kappa (Bethyl
Laboratories Inc.), or 10 pg/ml of mouse IgG Fab (Jackson ImmunoResearch
Laboratories, Inc., West Grove, PA). After the plate was blocked with 1% BSA
in PBS, the COMP-Z or COMP (2 pg/well each) was applied and incubated for
2 h at 37°C, followed by incubation with 5 pwg/ml of human IgG for 2 h at 37°C
to mask unbound free Z domains. A mouse (1:4,000; GE Healthcare) or rabbit
(1:4,000; Rockland Immunochemicals, Inc., Boyertown, PA) anti-His tag anti-
body was applied for detection of the human or mouse Ig-bound delivery mol-
ecules, respectively. Then anti-mouse or anti-rabbit IgG conjugated to AP (1:
4,000; Sigma-Aldrich), followed by its substrate, was applied for analysis.

Analysis of the target immune cells of the COMP-Z by flow cytometry. The
COMP (2 mg; 62.5 nmol) or COMP-Z (2 mg; 27.6 nmol) was treated with DTT
(50 mM) for 30 min at 37°C, and the buffer was replaced with PBS (Amicon
Ultra-15 centrifugal filter unit; MWCO, 10,000; Millipore). The DTT-treated
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COMP or COMP-Z (2 mg/ml in PBS) was incubated with maleimide-poly-
ethylene oxide (PEQO,)-biotin (final concentration, 20 mM; Thermo Scientific
Inc.) for 16 h at room temperature, and the buffer was replaced with PBS as
before.

Splenocytes isolated from naive BALB/c mice were suspended in RPMI me-
dium (Gibco Inc., Grand Island, NY) and were collected by centrifugation
(377 X g, 10 min). Cells were incubated in red blood cell (RBC) lysis buffer (17
mM Tris buffer [pH 7.6}, 140 mM NH,CI) for 5 min at room temperature,
washed, and resuspended in RPMI medium. Cells were counted (KOVA Glasstic
slide 10; Hycor Biomedical Inc., Garden Grove, CA), and the concentration was
adjusted to 5 X 10° cells/ml with cell suspension buffer (PBS containing 2%
newborn calf serum and 0.03% NaNj;). Fluorescein isothiocyanate (FITC)-con-
jugated antibodies to CD19 (clone 1D3), CD3e (clone 145-2C11), CD11b (clone
M1/70), or CD1lc (clone HL3), along with R-phycoerythrin (PE)-conjugated
antibodies to Ly-6G and Ly-6C (Gr-1, clone RB6-8C5) (BD Biosciences, Sparks,
MD), allophycocyanin-conjugated anti-mouse MHC class II (I-A/I-E) (eBiosci-
ence, San Diego, CA), and isotype control antibodies (BD Biosciences), were
used for analysis. All antibodies were used at the concentrations recommended
by the manufacturers.

Spleen cells (5 X 10°) were first treated with a monoclonal antibody (clone
2.4G2) to block Fc receptors and were then washed, and biotinylated COMP or
COMP-Z (0.31 pmol) was added to the cells and incubated. Then PE-con-
jugated streptavidin (BD Biosciences) was added to the cells and incubated.
Cells were washed and adjusted to 1 ml with cell suspension buffer. The
incubation conditions for each step were 20 min at 4°C. Data were acquired
using a FACSCalibur flow cytometer and were analyzed with CellQuest
software (BD Biosciences).

Immunization of mice. Seven-week-old female BALB/c or C57BL/6 mice
(Japan SLC, Shizuoka, Japan), 4 to 10 per group, were immunized at weeks 0, 2,
and 4 via the s.c. or i.n. route with various immunization samples. For all mouse
immunization studies, 30 g of the vaccine antigen (i.e., Pvs25H-A or MSP1-19)
was administered as a conjugated or unconjugated protein. Incomplete Freund’s
adjuvant (IFA; Difco Laboratories, Detroit, MI), Alum (Imject Alum adjuvant;
Thermo Scientific, Inc.), or cholera toxin (CT; List Biological Laboratories,
Campbell, CA) was used as an s.c. or i.n, adjuvant where indicated. The endo-
toxin levels of all of the immunization samples were measured (Cambrex) prior
to administration to mice, and we found that they were less than 15 pg endo-
toxin/pg of protein.

Animal experimental protocols were approved by the University of the
Ryukyus Animal Care and Use Committee, and the experiments were conducted
according to the institutional ethical guidelines for animal experiments.

Determination of antigen-specific serum IgG titers by ELISA. Mice were
anesthetized 2 weeks after the third immunization (week 6) by intraperitoneal
(i.p.) injection of pentobarbital sodium salt (Nacalai Tesque Inc., Kyoto, Japan)
and were euthanized by exsanguination for the collection of antisera. For analysis
of the long-term serum IgG response to the Pvs25H-A antigen, blood was
collected at days 0, 14, 42, 91, 126, 196, and 273.

Antigen-specific serum antibodies were analyzed by ELISA as described pre-
viously (3, 4, 21, 22). Briefly, the ELISA plate was coated with the Pvs25H-A (5
pg/ml) or MSP1-19 (5 wg/ml) protein in bicarbonate buffer at 4°C overnight and
was then blocked with 1% BSA in PBS for 2 h at 37°C. Twofold serial dilutions
of the antisera, starting with a 50-fold dilution in PBS with 0.5% BSA, were
applied and incubated for 2 h at 37°C. AP-conjugated anti-mouse IgG (1:4,000;
Sigma-Aldrich), IgG1 (1:4,000; MP Biomedicals, Solon, OH), or IgG2a (1:4,000;
MP Biomedicals) was applied and incubated for 2 h at 37°C. Then p-nitrophe-
nylphosphate (Bio-Rad) was applied, and the OD,,; s was measured after 20 min
of incubation at 37°C by using a microplate reader (Bio-Rad). The antibody titer
was defined either as the serum dilution that gave an OD,,5 value equal to 0.1
or as the serum dilution for which a 1-magnitude-higher dilution gave an OD,;5
value less than 0.1.

Mosquito membrane feed assay and detection of native Pvs25 protein by
antisera derived from immunized mice. The mosquito membrane feed assay was
conducted by a method described previously (3, 4, 21, 22). Single-species infec-
tion with P. vivax was confirmed by Giemsa staining of thick and thin blood
smears. The levels of parasitemia and gametocytemia were 0.03% and 0.002%
for donor 1, 0.23% and 0.01% for donor 2, and 0.21% and 0.01% for donor 3,
respectively. Native Pvs25 protein on the surfaces of P. vivax ookinetes was
detected by immunofluorescence (21, 22) using antisera obtained from mice
immunized with the tricomponent complex.

All human subject research conducted in this study was reviewed and approved
by the Ethics Committee of the Thai Ministry of Public Health and the Institu-
tional Review Board of the Walter Reed Army Institute of Research.
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FIG. 1. Expression of the TB-based delivery molecules. (a) Schematic drawing of the tetrabrachion (TB)-derived coiled-coil domain-based
constructs: TB-spacer, the TB coiled-coil domain fused to a spacer sequence; TB-Z, TB-spacer fused to the Z domain; TB(Cys)-Z, TB-Z into which
a cysteine (Cys) residue has been introduced. The nucleotide and predicted amino acid sequences of the 5'-terminal, junction, and the 3'-terminal
regions are shown as regions a, b, and c, respectively. All constructs were cloned between the Neol and Xhol sites of pET-21d. TB(S52C)-Z is a
TB(Cys)-Z in which a Cys was substituted for Ser52 within the coiled-coil domain to introduce a sulfhydryl group for chemical conjugation (as
indicated in region b). TB(C60)-Z is another TB(Cys)-Z with a Cys insertion at amino acid position 60 within the hinge region (as indicated in
region b). (b and ¢} SDS-PAGE (b) and native PAGE (c) (left) of the affinity-purified TB-spacer (lanes 1) and TB-Z (lanes 2) and size exclusion
chromatography of the TB-Z (c) (right). The protein bands were either stained with Coomassie brilliant blue (CBB) or subjected to Western
blotting (WB). (d) SDS-PAGE of the affinity-purified TB-Z (lanes 1), TB(S52C)-Z (lanes 2), and TB(C60)-Z (lanes 3). M, molecular mass marker.

The protein bands were either stained with CBB or subjected to WB. For WB (panels b and d), HRP-conjugated goat IgG was applied directly
to the blotted membrane for detection of the Z domain-containing proteins.
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FIG. 2. Expression of the COMP-based delivery molecules. (a) Schematic drawing of the rat cartilage oligomeric matrix protein (COMP)-
derived coiled-coil domain-based constructs: COMP, COMP coiled-coil domain; COMP-spacer, COMP fused to a spacer sequence; COMP-Z,
COMP-spacer fused to the Z domain. All constructs were cloned between the Ncol and Xhol sites of pET-22b and were expressed as pelB fusion
proteins. The nucleotide and predicted amino acid sequences of the 5'-terminal, junction, and the 3'-terminal regions are shown as regions a, b,
and c, respectively. Two inherent Cys residues within the COMP coiled-coil domain (as indicated in region b) are specific sites used for chemical
conjugation. (b and ¢) SDS-PAGE (b) and native PAGE (c) (left) of the affinity-purified COMP (lanes 1), COMP-spacer (lanes 2), and COMP-Z
(lanes 3) and size exclusion chromatography of the COMP-Z (c) (right). M, molecular mass marker. The protein bands were either stained with
Coomassie brilliant blue (CBB) or subjected to Western blotting (WB). For WB, HRP-conjugated goat IgG was applied directly to the blotted

membrane for detection of the Z domain-containing proteins.

Rodent malaria parasite infection and parasitemia determination. C57BL/6
mouse erythrocytes parasitized by the lethal P. yoelii 17XL strain were inoculated
ip. into female C57BL/6 mice (1 X 10* parasitized RBCs/mouse). At various
times after inoculation, parasitemia in peripheral blood was monitored by mi-
croscopy on Giemsa-stained thin blood smears.

Statistical analysis. The Wilcoxon-Mann-Whitney test was performed to com-
pare antibody titers, or the number of oocysts per mosquito, between the non-
immune control group and a particular immunization group, or between two
immunization groups. The Kruskal-Wallis test was performed to compare anti-
body titers, or the number of oocysts per mosquito, among particular groups. The
chi-square test was performed to analyze the difference in the proportion of
parasite-free mosquitoes among the total number of mosquitoes examined be-
tween the nonimmune control group and a particular immunization group, or
between two immunization groups. Kaplan-Meier analyses with the log rank test
were performed to compare the survival rates for P. yoelii-infected mice between
the PBS control group and a particular immunization group. All statistical

analyses were conducted with JMP software, version 8.0 (SAS Institute Inc.,
Cary, NC).

RESULTS

Expression of delivery molecules. The expression of the TB-
based constructs, i.e., the TB-spacer and the TB-Z (Fig. 1a),
was analyzed (Fig. 1b to d). E. coli cultures, including culture
supernatants and cell extracts, were subjected to SDS-PAGE.
The proteins were detected mainly in the culture supernatants,
even though they lacked the leader peptide. Interestingly, the
TB constructs fused to the pelB signal sequence were not
expressed, for unknown reasons. The secreted proteins were
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