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Abstract

Purpose & methods—The immunopathogenic mechanisms responsible for debilitating
neurodegenerative and oncologic diseases associated with human T-cell leukemia virus type 1
(HTLV-1) are not fully understood. In this respect, a patient cohort from HTLV-1 endemic region
that included seronegative controls (controls), asymptomatic carriers (ACs), and patients with
adult T-cell leukemia (ATL) or HTLV-associated myelopathy/tropical spastic paraparesis (HAM/
TSP) was analyzed for CD8* T cells polyfunctionality in response to the viral antigen Tax.

Results—Compared to ACs, ATL and HAM/TSP patients had lower frequency and
polyfunctionality of CTLs in response to Tax suggesting dysfunction of CD8* T cells in these
individuals. As an underlying mechanism, programmed death-1 (PD-1) receptor was found to be
highly unregulated in Tax-responsive as well as total CD8" T cells from ATL and HAM/TSP but
not from ACs and directly correlated with the lack of polyfunctionality in these individuals.
Further, PD-1 expression showed a direct whereas MIP-1a expression had an indirect correlation
with the proviral load providing new insights about the immunopathogenesis of HTLV-associated
diseases. Additionally, we identified key cytokine signatures defining the immune activation status
of clinical samples by the luminex assay.

Conclusions—Collectively, our findings suggest that reconstitution of fully functional CTLs,
stimulation of MIP-1a expression, and/or blockade of the PD-1 pathway are potential approaches
for immunotherapy and therapeutic vaccine against HTLV-mediated diseases.
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Introduction

The cytotoxic T lymphocyte (CTL) response and how it relates to HTLV-1-mediated
diseases is the cornerstone for answering a major question concerning HTLV-1
pathogenesis, which is, why only a small percentage of infected individuals (~5%) develop
disease (ATL or HAM/TSP) remaining being asymptomatic carriers (ACs). Till date, there
is no central paradigm that helps explain HTLV-1 immunopathogenesis (particularly in
HAM/TSP), but rather two opposing theories that argue for or against the detrimental
contribution of HTLV-1-specific CTLs to the observed inflammatory response. Studies
performed Jn vitro have demonstrated that CD8* T cells from infected individuals are
capable of direct lysis of HTLV-1-infected CD4* T cells (1-3). CTLs of HAM/TSP patients
have also been reported to produce multiple cytokines and cytotoxic molecules (4, 5). While
these studies support a protective role for the CTL immune response, others postulate it’s
detrimental role through autoimmune mechanisms leading to the clinical manifestation of
HAM/TSP (6). A more likely explanation lies in the overall quality of HTLV-1-specific
CTL response that determines the virus-host equilibrium and the ultimate disease outcome

().

At any given time, only a small proportion (~0.03%-3%) of infected cells express viral
proteins, primarily Tax that is both oncogenic and immunogenic. The proliferation of Tax-
expressing cells results in an increase in proviral load and drives expansion of Tax-specific
CTLs. Both proviral load (8) and CTL response are significant determinants of disease
outcome during HTLV-1 infection. ACs, ATL and HAM/TSP patients demonstrate a
spectrum of proviral loads, which is controlled by CTL response and Tax expression.
Therefore, understanding factors that control the balance of proviral load and Tax-specific
CTL response is key to understanding HTLV-1 immunopathogenesis.

Recent approaches of evaluating antiviral activity of CTLs focus on their quality, and not
frequency (7, 9-11). A fully primed effector response is now characterized by the secretion
of certain cytokines (IFN-y, TNF-q, and IL-2) by antigen-specific CTLs, their cytolytic
potential (fast killer: granzymes/perforin or slow killer: membrane TNF, lymphotoxin, Fas
ligand, and TRAIL), and proliferation in response to antigen. Polychromatic flow cytometry
is a useful tool for evaluating unique immune signatures of an effective antiviral response
since it allows multiple markers to be assessed on rare patient samples. In immune profiling
of CTL responses, it is not just the number of markers that are coexpressed, but rather the
combination of phenotypic and functional markers that define an appropriate pathogen-
specific response. Different viruses have different immune evasion strategies thus requiring
varying effector functions of T cells. Therefore, depending on the type and stage of
infection, both categories of response profiles (memory and effector) are required.

Functional impairment of T cells has been observed during several chronic viral infections
and many of the functional defects observed in the CD8" T cell population are attributed to
their expression of inhibitory molecules such as Programmed Death (PD)-1 receptor (12—
15). As CTLs pass through levels of exhaustion due to chronic antigen stimulation and
extensive division (16), they witness higher antigen load, exhibit low CD4 dependence and
gradually lose the qualities characteristic of fully functional CTLs. These molecular
signatures of CTL exhaustion have been described (17) using lymphocytic choriomeningitis
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virus (LCMV) infection of mice in which high frequency of virus-specific CD8* T cells is
maintained by the persistence of viral antigen (18). During chronic infection by hepatitis C
virus (HCV), viral proteins are implicated in actively suppressing the CTL responses (19).
Since, Tax directs the mitotic division of infected T cells (20), we hypothesize that Tax-
specific CTLs of diseased individuals undergo hierarchical exhaustion due to constant
antigen stimulation. Once exhausted, these cells may not respond appropriately to Tax
stimulus given exogenously as putative vaccine.

To test our hypothesis, we stimulated PBMCs from ACs, ATL, and HAM/TSP patients with
Tax and a superantigen staphylococcal enterotoxin B (21) as well as a pool of peptides from
cytomegalovirus (CMV), Epstein Barr virus and Influenza virus, known as CEF (22), and
compared their polyfunctionality in parallel with controls, all from an HTLV-1 endemic
region, Jamaica. While CD8* T cells from both ATL and HAM/TSP patients respond well
to SEB, they exhibit functional defects in responding to Tax rendering them ineffective at
limiting HTLV-1 proviral loads. Superantigens (such as SEB), unlike conventional antigens,
do not require processing and presentation by antigen-presenting cells. Rather, they bind
directly to MHC class Il molecules at a site distant from the peptide-binding groove and
activate human T cells expressing VB3, V12, V314, V315, V17, and V20 (23).
Therefore, SEB does not activate antigen-specific CD8* T cells. Furthermore, upregulation
of PD-1 and downregulation of MIP-1a with increase in the proviral load stood out as key
signatures associated with chronic HTLV-1 infection irrespective of disease outcome. The
heightened PD-1 expression was observed in both Tax-responsive as well as total CD8* T
cells from ATL and HAM/TSP patients but not ACs or control suggesting an overall
dysfunction in this immune cell population in diseased individuals. This also explains why
response to CEF was similar to that with Tax (both responses being antigen-specific). To the
best of our knowledge, this is the first study that has compared the polyfunctionality (with
respect to more than two functional markers) of CD8" T cells in HTLV-1 carriers and
diseased individuals (both ATL and HAM/TSP) in response to Tax stimulation, thus
providing crucial insights for future anti-HTLV vaccine development.

Materials and methods

Clinical samples

A total of 68 samples (peripheral blood mononuclear cells) from Jamaica were obtained
through collaboration with National Cancer Institute (Dr. James Goedert, Bethesda, MD)
and processed under institutional review board guidelines. Patients were blinded throughout
the study and for the purpose of statistical analyses categorized as Control, ACs, ATL, or
HAM/TSP. Detailed subject information can be found in Table 1. Briefly, each group has 17
individuals including 11 females (numbered as F1-F11) and 6 males (numbered as M1-M6)
except for HAM/TSP group that had 10 females (F1-F10) and 7 males (M1-M7). The
median age range of females/males was 46 49/38 45 (Control), 42 43/37.5 60 (ACs), 49
48/38 53 (ATL), 48 45/46 59 (HAM/TSP). Being from Jamaican region, majority of the
subjects were black.

Proviral load detection by the TagMan real-time polymerase chain reaction

The proviral load was determined using an ABI PRISM 7700 Sequence Detector (Applied
Biosystems, Carlsbad, CA) as previously described (8, 24, 25). Briefly, genomic DNA was
isolated using DNeasy Tissue Kit (Qiagen, Valencia, CA). For each sample, 100 ng genomic
DNA was amplified in a standard real-time PCR reaction using primers specific to the
HTLV-1 pX region (F/R 5'-3": ACAAAGTTAACCATGCTTATTATCAGC3/
ACACGTAGACTGGGTATCCGAA) and B-actin (F/R 5'-3":
CACACTGTGCCCATCTACGA3'/5'CTCAGTGAGGATCTTCATGAGGTAGT). The
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TagMan fluorescent probe was 5'TTCCCAGGGTTTGGACAGAGTCTTCT3' for the
HTLV-I pX region and for B-actin was 5’ATGCCCTCCCCCATGCCATCCTGCGT3'.
Standard curves were generated using DNA obtained from normal donor PBMCs (for -
actin) and from the rat cell line, TARL-2 (26). Proviral load represented as copies of pX per
100 PBMC:s and calculated using the formula - (copy number of pX)/(copy number of (-
actin/2) x 100.

Antibodies and dyes used for immunostaining

The following antibodies/cell staining dyes were used for surface staining of PBMCs: anti-
CD57 Qdot 565 (AbD Serotec), anti-PD-1 APC (BioLegend), anti-CD14 Pacific Blue, anti-
CD16 Pacific Blue (BD Biosciences), anti-CD45R0O Qdot 705 (Betts lab), anti-CD107a PE-
Cy5 (eBioscience), anti-CD4 PE-Cy5.5, anti-CD8 PE Texas Red, anti-CD27 Qdot 655,
Agua Blue live/dead dye (Invitrogen, Carlsbad, CA). The following antibodies were used for
intracellular staining of PBMCs: anti-TNF-a PE-Cy7 (BD), anti-CD3 Qdot 585, anti-1FN-y
Alexa Fluor 700 (Invitrogen), anti-MIP-1a FITC (R&D Systems), anti-Perforin (Tepnel).
Pacific-blue conjugated antibodies were used as a “dump” gate to exclude monocytes/
macrophages, natural killer cells, and B cells and therefore gate on T cells. The amine-
reactive dye, Aqua Blue, was used to exclude the dead cells from analysis (27).

T-cell stimulation and Immunostaining

Overlapping peptides (15-mers overlapping by 11 amino acids) from the HTLV-1 Tax
sequence were generated using PeptGen Peptide Generator software available online (28). A
total of 84 different Tax peptides were synthesized (New England peptide, Gardner, MA)
and used at a final concentration of 2 ug/ml for 6 h. For one of the positive controls CEF
was used to which ~60% of individuals respond as determined by prior epitope mapping and
optimization using an IFN-y Elispot (11). This pool consisted of approximately 70 total
peptides each at 1 pug/ml. A second positive control SEB at a concentration of 1 ug/ml was
included along with a negative control (no peptide added). Cells were allowed to recover
from cryopreservation as described (11) and one million cells were utilized for each
condition. The antibody to CD107a was included during the stimulation procedure.
Secretion inhibitors were added (Brefeldin A, 1 ug/ml; monensin, 2 uM) in the presence of
antibodies to CD28 and CD49d (1 pg/ml each). Following stimulation, the cells were
pelleted and culture supernatant saved at —80 °C for luminex analyses. The pelleted cells
were then washed and stained for appropriate markers to identify distinct memory CD8+ T
cell subsets. The PBMCs were then fixed and permeabilized using a saponin-based staining
procedure. Thereafter, cells were stained with antibodies against cytokines and other
markers.

Immunoprofiling of T cells

The immunostaining of PBMCs has been performed according to (29). Phenotypes of CTLs
were determined by flow cytometry utilizing a BD LSR 1l. VVoltages were determined using
8xRainbow beads (Spherotech Inc., Lake Forest, IL) and unstained compensation beads
(BD, San Jose, CA) run against a range of voltages, which were manually set in the FACS-
DiVa software (30). Five hundred thousand to one million events were acquired for analysis.
Gates for each parameter were determined on the basis of fluorescence-minus-one gating
(31, 32).

42-plex Luminex® assay

A human Cytokine/Chemokine Panel from Millipore was used for simultaneous detection of
42 analytes classified as chemokines (CCL22, Eotaxin, Fractalkine, GRO, I1P-10, MCP-1,
MCP-3, MIP-1a, MIP-1p) and cytokines either proinflammatory (GM-CSF, IL-1a, IL-1f,
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IL-8, IL-1ra, sCD40L), Thl (IFN-y, TNF-a, TNF-B, IL-15), Th2 (IL-2, IL-4, IL-5, IL-10,
IL-3, IL-12p40, IL-12p70, IL-13), Th17 (G-CSF, IL-6, IL-9, IL-17A) or other
immunomodulatory molecules (IFN-a2, sIL-2Ra) and growth factors (EGF, FGF-2, Flt-3
ligand, G-CSF, PDGF-AA, PDGF-AB/BB, TGF-a and VEGF). Entire procedure was
performed as previously described (33). Briefly, cell culture supernatant that was saved from
unstimulated, SEB-stimulated or Tax-stimulated PBMCs (6 h stimulation) was diluted five-
fold and assay was performed in 96-well filter plates. For the detection step, samples were
incubated for 30 min with streptavidin conjugated to R-phycoerythrin and analyzed in the
Luminex 100™ instrument. Raw data was analyzed using Bioplex Manager software 6.0
(Bio-Rad). The cytokine standards supplied by the manufacturer were used to calculate the
concentrations of the samples. The analytes that were below the detection range were not
included in date interpretation. Also, samples that had a particular analyte below the
detection range were excluded while calculating the median value.

Statistical analysis and data interpretation

Results

The initial data analysis was performed using FlowJo version 8.8.7 software (Tree Star,
Ashland, OR). The frequency of cells bearing markers for each possible functional
combination, as well as the expression of any additional markers on those cells was
determined using a Boolean gating algorithm. All reported data was corrected for
background. To determine the significance within a group (i.e., between different
stimulations), a two-tailed, paired nonparametric #test was used (Wilcoxon matched pairs
test). For comparisons between sample groups (control, AC, ATL, or HAM/TSP), a two-
tailed, unpaired nonparametric ftest was used (Mann-Whitney). The comparison was
determined to be significant (*) if the Pvalue was less than or equal to (<) 0.05, very
significant (**) if <0.01, and extremely significant (***) if < 0.001. Spearman correlations
(2-tailed, 95% CI) and other statistical values were obtained using Prism version 4C
software (Graphpad Software Inc., La Jolla, CA). Other graphs were created either using
Microsoft Excel version 12.2.9 or Simplified Presentation of Incredibly Complex
Evaluations (SPICE) software version 4.3, obtained from Mario Roederer, NIH (34).

Proviral load distribution among clinical subjects

At the onset of the study, we confirmed the HTLV-1 presence or absence in clinical samples
and simultaneously quantitated their proviral loads as per the standard procedure. As
expected, we did not detect any provirus in controls but observed varying levels in ACs,
ATL and HAM/TSP patients (Fig. 1). In general, proviral loads of ATL and HAM/TSP
patients were significantly higher than those of ACs £< 0.0001 and £ = 0.008, respectively)
similar to a previous report (35). Interestingly, ATL patients showed higher proviral loads
than HAM/TSP (43 versus 21 average copies of pX per 100 PBMCs). Although a high
proviral load is usually associated with HAM/TSP, some overlap exists in the ranges of
proviral load between HAM/TSP patients and ACs. For example, HAM/TSP patients with
low proviral loads (< 1% PBMCs infected) and ACs with high proviral loads (> 3% PBMCs
infected) are reported (36) indicating that a high proviral load is neither necessary nor
sufficient to cause HAM/TSP (37).

IFN-y production by CD8" T cells in response to Tax

Once proviral loads were determined, all clinical samples were assayed for their ability to
mount memory CD8* T cell responses following antigen stimulation with Tax peptide pools
and positive controls (CEF or SEB). The use of 84 Tax peptides spanning entire protein
sequence expanded the repertoire of stimulated T cell clones and provided a way to measure
a broad Tax-specific response (not just Tax 11-19 directed). Moreover, it would not have
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been feasible to carry out these polychromatic flow cytometric studies based on tetramer/
pentamer staining.

The general gating strategy is shown in Fig. 2A wherein only singlet events were included
and first gated to remove the Aqua BlueP" 9 dead cells, subsequently defined for total
lymphocytes, CD3* and CD8* T cell population. The percentage of CD8* T cells that
produced IFN-y* in response to antigen stimulation was used as a readout of activation. As
expected, at least 0.1% of CD8* T cells of controls produced IFN-y in response to 6 h
stimulation with both positive controls (SEB and CEF); however, response with SEB was
more pronounced than CEF (2.17 versus 0.8% CD8*/IFN-y* cells) (Fig. 2B). Similar
analysis of CD8" T-cell activation was performed on all the groups after stimulation with
Tax and positive controls (SEB and CEF) (Fig. 2C). Overall, all groups showed significant
response to SEB (P < 0.05) but only controls and ACs showed significant response to CEF
(P=0.08). With respect to Tax, we did not observe any response in controls as anticipated.
ACs showed a significant increase in the frequency of CD8*/IFN-y* T cells (P= 0.006),
whereas ATL and HAM/TSP patients did not show a significant response (P = 0.426 and
0.733, respectively). These results imply that ATL and HAM/TSP individuals might have a
general defect in mounting an effective antigen-specific CD8* T cell response as indicated
by inability of their CD8" T cells to produce IFN-y upon CEF or Tax stimulation.

Differentiation and activation state of CD8* T cells among clinical groups

Determining mechanisms that allow the rapid generation and maintenance of effector
memory T cells is the key to improving the quality of protective immune responses. Specific
subsets of human memory T cells are defined on the basis of their expression of CD27 or
CCRY7 in combination with CD45RA or CD45R0. For this study, we used the markers
CD27 and CD45R0 and did not observe significant changes in their expression upon SEB,
CEF or Tax stimulation (Fig. 3). This could be due to short-term culture (6 h) of PBMCs
that is not sufficient to change CD27 and CD45RO0 profile and/or expand specific T cell
population. Therefore, we compared basal (non-stimulated) levels of naive (CD27%/
CD45R0"), effector (CD277/CD45R0"), central memory (CD27*/CD45R0O) and effector
memory (CD27-/CD45R0") CD8* T cells between control and HTLV infected individuals.
Only significant difference was observed in the frequency of naive T cell compartment in
ATL patients (P= 0.04, Fig. 3A) that corresponded with higher frequency of effector cells in
the same group albeit with low significance (P= 0.2).

Expression of various T-cell functional markers on IFN-y*/CD8" T cells

Besides producing IFN-y, activated CD8" T cells upregulate certain key molecules, which
play a critical role in the antiviral immune response. For example, CD107a (T-cell
degranulation marker), de novo synthesized perforin, MIP-1a, and TNF-a are four such
molecules whose coexpression along with IFN-y is a better predictor of CTL quality (11).
Therefore, we studied the expression of these functional markers on IFN-y*/CD8* T cells
upon stimulation with CEF, SEB and Tax. Since the frequency of IFN-y producing CD8* T
cells was very low in non-stimulated samples, we omitted this variable during the statistical
comparison of data (Fig. 4). After SEB and CEF stimulation, cells from all four groups
exhibited no significant differences in terms of expression of any of the functional marker.
However, some interesting differences were observed among groups in response to Tax.
First, perforin levels were high in ACs (P=0.0174) and ATL (£ =0.0234) but not in HAM/
TSP patients as compared to controls. Similarly, levels of MIP-1a and TNF-a were
significantly higher in ACs (= 0.0105 and 0.0149, respectively) but not in ATL or HAM/
TSP patients compared to controls. In addition, TNF-a levels in ACs were found to be
significantly higher as compared to ATL patients as well (P=0.0377). Overall, this data
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suggest a lack of recall response to Tax in diseased individuals being more pronounced in
HAM/TSP patients.

CTLs in ATL and HAM/TSP patients upregulate PD-1 expression

The PD-1/PD-L1 pathway has been implicated as a cause of T-cell dysfunction in chronic
viral infections (17, 38-40). Therefore, we assessed the expression of PD-1 on CD8*/IFN-y*
T cells as well as total CD8* T cells after SEB and Tax stimulation. In response to SEB, we
observed no statistically significant differences in PD-1 expression on CD8*/IFN-y* T cells
and total CD8* T cells between the four groups. However, in response to Tax stimulation,
there was significantly higher expression of PD-1 in ATL and HAM/TSP patients compared
to controls (£=0.012 and 0.001, respectively) and ACs (P=0.0148 and 0.0375,
respectively). PD-1 expression on total CD8" T cells was also significantly higher in ATL
and HAM/TSP patients compared to control (£=0.0043 and 0.0019, respectively) and ACs
(P=0.0127 and 0.0048, respectively) upon Tax stimulation (Fig. 5B). This was more
apparent while comparing the median values of PD-1*CD8* T cells among all groups (Fig.
5C). It is important to note that ATL individuals (compared to ACs) had significant
upregulation of PD-1 on CD8*/IFN-y* T cells as well as total CD8* T cells in response to
CEF. Previous studies on HIV-infected patients have also shown that increased PD-1
expression is not limited to HIV-specific CD8" T cells, but is found on all CD8" T cells in
general (41, 42).

Reduced polyfunctionality correlate with heightened PD-1 expression

The functional evaluation of T cell responses has in recent years advanced from single-
parameter (IFN-y-secretion) to much more complex multiparametric measurements. CTLs
with multiple effector functions are more effective in controlling the virus. SPICE is a tool
commonly used to depict these polyfunctionality profiles, in which each slice of the pie
represents the number of functions that CD8* T cells possess (34). Thus utilizing this tool
we evaluated the profile of CD8* T cells from each clinical category in response to CEF,
SEB and Tax (Fig. 6). The largest number of functions that were coexpressed among each
category was five since none of the groups expressed all six functions. Interestingly, ATL
CD8™ T cells stimulated with CEF coexpressed five functional markers as depicted by the
red slice indicating a better response to CEF exclusively in this group. A proportion of CD8*
T cells in control and ACs also expressed five markers in response to SEB. The co-
expression of four functional markers was seen in controls, ACs and HAM/TSP patients
(albeit low) in response to SEB and only in ACs in response to Tax (Fig. 6). At large, three
or two functional markers (depicted by yellow and purple slice, respectively) were present in
each category with varying levels but ACs were found to be more polyfunctional than ATL
and HAM/TSP patients. Majority of the CD8" T cells from diseased individuals expressed
only one marker as depicted by the green slice. Moreover, PD-1 expression (depicted by an
arc) dominated the overall T cell response in these patients, especially on cells that were
functionally less competent (expressing < 2 markers).

Opposite dynamics of PD-1 and MIP-1a with proviral load

The proviral loads of ACs, ATL, and HAM/TSP as shown in Fig. 1 were compared to the
levels of individual markers and a Spearman correlation coefficient (R2) was calculated
using Prism 4.0 C software. Of all markers analyzed, PD-1 and MIP-1a demonstrated a
strong correlation with proviral load (Fig. 7). Total percentage of PD-1 expressing CD8* T
cells correlated positively with proviral loads in ACs (R? = 0.905, A< 0.0005), ATL (R? =
0.856, £< 0.0001) and HAM/TSP (R2 = 0.996, < 0.0001). In contrast to this, MIP-1a
negatively correlated with proviral load in all three groups (R = 0.994 and £< 0.0001 in
AC, R?2=0.910 and £< 0.0001 in ATL, and RZ = 0.999 and £< 0.0001 in HAM/TSP).
Beside these two markers, IFN-y had a slight negative correlation with proviral load in ACs
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(R2=0.740 and P=0.026) but not in ATL and HAM/TSP patients. These results identified
two key signatures of immune response that correlate with the proviral load in HTLV-
infected individuals irrespective of their disease state.

Extracellular cytokine/chemokine milieu in response to SEB and Tax

Assessment of cytokine/chemokine secretion profile in response to antigenic stimulation
provides valuable clues about the type of T-cell response generated. We therefore compared
the cytokine/chemokine secretion profile of clinical samples by performing luminex
analyses of cell culture supernatant after stimulation of their PBMCs with SEB or Tax for 6
h (Fig. 8). Of total 42 analytes, levels of nine analytes were higher upon stimulation with
SEB but not Tax in ACs. These analytes were IL-3 (P=0.0293), IL-13 (£ =0.0489), IP-10
(P=0.0101), PDGF-AA (P=0.0259), sCD40L (~ =0.0015), sIL-2Ra (P = 0.0083), TNF-a
(P=0.0418), TNF-B (P=10.0287), and GM-CSF (£ =0.0015). In ACs, IL-15 levels were
fairly high upon stimulation with Tax but not SEB (P = 0.07). In ATL patients, CX3CL1 (P
=0.00482), IFN-02 (P=0.0487), MCP-3 (P=0.0047) and sCD40L (# =0.0025) were
elevated in response to SEB. In case of HAM/TSP patients, only one cytokine IL-6 was
significantly higher again in response to SEB but not Tax (£ =0.0495). While not
statistically significant, one cytokine (sIL-2Ra) was released at greater level in HAM/TSP
patients in response to Tax. Overall, these results showed a generalized lack of response to
Tax and some response to SEB primarily in ACs but not in ATL or HAM/TSP patients. This
is consistent with our previous observation of IFN-y upregulation on CD8* T cells in
response to SEB but not Tax. It is important to note that some analytes were below the limit
of detection, which could possibly be due to their short half-lives (less than 6 h). Given
limited number of cells, luminex analysis at different periods of Tax stimulation was not
feasible.

Discussion

HTLV-1-specific CTLs play a crucial role in containing the proliferation of HTLV-1-
infected T cells (43, 44) but their actual role (beneficial or detrimental) in disease
pathogenesis is controversial. Therefore, investigation of T-cell signatures associated with
infection outcome holds considerable importance in terms of designing an effective vaccine
against ATL or HAM/TSP. Thus far major emphasis has been given on characterizing CD8
T cells response against HTLV-1 based on the frequency of Tax-specific CTLs (1, 44-48).
An extensive analysis of their polyfunctionality as presented here has not been performed
yet. Further, since a very small percentage of HTLV-infected individuals develop disease,
few immunological investigations like ours have been possible on all four categories of
samples (controls, ACs, ATL, and HAM/TSP) from one particular region. Most published
studies of this nature were conducted on very few samples due to the limitations associated
with obtaining samples from geographical areas of higher disease prevalence (49) as well as
the use of frozen PBMCs for immunological investigations. We too have first conducted a
pilot experiment on few control samples from the same region and confirmed that there was
not much difference in the expression levels of studied functional markers between fresh and
frozen PBMCs (data not shown).

Most of the HTLV-1-specific CTLs are directed against Tax (44, 46, 50, 51). Therefore,
before comprehensive immunological investigations, we determined IFN-y producing
capabilities of all subjects in response to Tax overlapping peptides and a superantigen SEB
(Fig. 2C). An overall positive response to SEB reaffirmed the functional competence of
clinical samples and indicated responsiveness of CD8" T cells from diseased individuals to a
general stimulus. However, lack of IFN-y production by ATL and HAM/TSP in response to
both Tax and CEF is suggestive of a general defect in mounting antigen-specific T-cell
response in diseased individuals. This could be due to high proviral loads (Fig. 1) leading to
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chronic antigen stimulation and T cell exhaustion previously shown for HTLV-1 and other
chronic viruses (52-57). We then compared the frequencies of various phenotypically
distinct subsets of CD8* T cells both at basal level as well as upon CEF/SEB/Tax
stimulation and did not observe expansion of naive, effector or memory T cells in any group
(Fig. 3). This is contradictory to another study (58), which reported rapid ex vivo expansion
of effector memory T cells in PBMCs of HAM/TSP patients in response to Tax. It is
important to note that this study cultured the T cells for a longer duration compared to short
6 h stimulation in our study. Only significant change was observed in the low frequency of
naive T cells in ATL patients that could be related to unusually high proviral load seen in
this group of Jamaican cohort.

Having measured the frequency of CTLs, we measured the expression of four key functional
molecules associated with effector CTLs (CD107a, de-novo synthesized perforin, MIP-1a
and TNF-a) on CD8*/IFN-y* T cells (Fig. 4). Similar to observations made for IFN-y, ACs
demonstrated a good overall response to CEF, SEB, and Tax that was limited to SEB in
ATL and HAM/TSP patients confirming defect in antigen-specific CD8* T-cell response.
With respect to individual marker expression we could find some parallels with existing
literature. For example, CD107a expression was shown to be higher in ACs compared to
HAM/TSP patients (5). Similarly, gene expression profiling of CD8" T cells indicated low
perforin expression in HAM/TSP patients (59). It has been suggested that excess production
of inflammatory cytokines is one of the factors that contribute to the development of HAM/
TSP (60, 61). In corroboration with this, we observed moderately significant upregulation of
TNF-a (P =0.1478) and MIP-1a (P =0.084) in HAM/TSP patients as compared to controls.

In order to understand the cause of CD8* T cells dysfunctions, we specifically measured the
expression of T-cell inhibitory receptor, PD-1. The interaction of PD-1 with its ligand, PD-
L1 (expressed primarily on antigen presenting cells) has been shown to negatively regulate
cytokine production and proliferation of T cells (62, 63). PD-1 has been shown to be
upregulated on HTLV-1-specific CTLs in ATL (64) and HAM/TSP patients (38), but other
more recent studies suggest downregulation of PD-1 expression on HTLV-1-specific CTLs
of HAM/TSP patients (65-67). However, it is unclear how these expression levels compare
to those found in ACs because of conflicting reports. Our results as presented in figure 5A
show PD-1 upregulation on Tax but not SEB-responsive CTLs from ATL and HAM/TSP
patients compared to both controls and ACs. Similar observations were made while studying
the expression of PD-1 on total CD8* T cells in response to Tax (Fig. 5B and C) implicating
this molecule as the key factor contributing towards lack of recall response to Tax in CD8*
T cells from diseased individuals. Interestingly, ATL individuals (compared to ACs) had
significant upregulation of PD-1 on CD8*/IFNy™* T cells as well as on total CD8* T cells in
response to CEF confirming an overall dysfunction of CD8 T-cell population in the diseased
individuals.

The hallmark of an effective adaptive immune response is the polyfunctionality of T cells,
which is defined by their ability to express a number of functional markers and soluble
factors. In order to further strengthen the link between PD-1 and CD8* T cell
polyfunctionality, we characterized the simultaneous expression of key markers on
stimulated CD8* T cells in all four clinical groups (Fig. 6). Although all effector functions
were not absent, CTLs from diseased individuals exhibited lower degree of
polyfunctionality compared to ACs in terms of co-expression of 2 or more markers.
Interestingly, we noticed that lower the number of markers, higher the level of PD-1
expression. PD-1/PD-L1 thus emerges as a major pathway involved in reduced
polyfunctionality and poor recall response to Tax in ATL and HAM/TSP patients.
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Since proviral load is proven to be a major determining factor of HTLV-specific CD8 T cell
response, we determined correlation between individual proviral load and corresponding
immune marker expression. Of all markers analyzed, only PD-1 and MIP-1a were found to
have strong correlation with proviral load (Fig. 7). PD-1 expression was positively
correlated with the proviral load in ACs, ATL, and HAM/TSP patients suggesting that
higher proviral load may skew the balance of the immune system towards a more
tolerogenic state leading to impairment of effective T-cell response. Since ACs have low
proviral load and hence low frequency of tolerogenic CD8" T cells explaining their ability to
control the virus. On the other hand, MIP-1a expression on total CD8* T cells negatively
correlated with the proviral load. MIP-1a is involved in the recruitment and activation of
leukocytes during antiviral immune response and it is possible that higher proviral load in
ATL and HAM/TSP patients suppresses its secretion thereby affecting the generation of
antiviral immune response.

Soluble factors like cytokines and chemokines are central to the immune response, exerting
direct effector functions or enabling T-cell recruitment or expansion. Luminex assay is an
effective mean of detecting multiple soluble factors released by low number of cells. Thus,
we used this assay to quantitate several different types of analytes in cell culture
supernatants of PBMCs stimulated with SEB or Tax. Interestingly enough, cells from ACs
did not release many factors in response to Tax as they did in response to SEB (Fig. 8),
which could be due to the low frequency of Tax expressing cells in these individuals that is
also true for ATL patients (1, 48) that have not shown much response with Tax as well.
While HAM/TSP patients have large number of Tax-expressing cells but as indicated above
majority of these cells are dysfunctional or exhausted. Both ATL and HAM/TSP showed
some response to SEB but in a differential manner. ATL patients produced higher amounts
of chemokines, CX3CL1 and MCP-3 and proinflammatory cytokine sSCD40L while HAM/
TSP patients secreted higher levels of IL-6 (a proinflammatory cytokine), which is not
surprising given the fact that these patients have two distinct immune and clinical outcomes.

The current study favors the notion that CTL quality (lytic efficiency), and not quantity, is
an important predictor of HTLV-1 infection outcome (10, 20, 59, 68, 69). High lytic
efficiency of HTLV-1-specific CTLs results in low HTLV-1 antigen load and thus low
activation of antigen presenting cells like DCs, which then promote moderate (protective) T
cell responses and asymptomatic carriage of the virus. In contrast, low lytic efficiency of
CTLs results in high HTLV-1 antigen load and subsequent overactivation of DCs. Interferon
production by persistently over activated DCs can then lead to inflammatory tissue damage
(HAM/TSP). Alternatively, high HTLV-1 antigen load can lead to prolonged clonal
proliferation of infected T cells, resulting in accumulation of secondary mutations and DNA
damage and the emergence of one or more malignant T cell clone (leukemia/lymphoma).
Collectively, results of this study suggest that restoration of CD8* T-cell response in
HTLV-1-infected individuals by PD-1 blockade can enhance viral clearance and thus protect
against HTLV-1-mediated diseases. Nevertheless, findings in this study may be cohort-
specific and the involvement of other negative regulatory pathways during HTLV-1
infection cannot be ruled out. Comparison of global gene expression profiles between
exhausted CD8* T cells and functional virus-specific effector and memory CD8* T cells has
identified upregulation of many inhibitory receptors such as LAG-3, CTLA-4, 2B4,
NKG2A, GP49b, Tim-3, etc., in addition to PD-1 (17). Therefore, in future studies, we plan
to understand in-depth mechanisms of T-cell exhaustion during chronic HTLV-1 infection
and also investigate whether other inhibitory molecules operate in synergism with PD-1 in
ATL and/or HAM/TSP individuals.
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Figure 1.

Comparison of proviral loads in ACs, ATL patients, and HAM/TSP patients. Total DNA
was isolated from PBMCs and proviral load was determined by the quantitative TagMan
real-time PCR as described in Materials and Methods. At least two replicates per donor were
processed and proviral loads were compared between AC, ATL and HAM/TSP by a two-
tailed, unpaired nonparametric t test (Mann-Whitney) to determine P values. **denotes P <
0.01 and ***denotes P < 0.001. The horizontal line in the graphs represents the median
values.
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Figure 2.

(A) Gating strategy for T cells. Aggregate of two or more cells were first excluded by
plotting forward scatter height (FSC-H) versus forward scatter area (FSC-A). A series of
dump gates were created to exclude all the cells except CD8* T cells. (B) A representative
plot of total interferon gamma production from the CD8* T cells from a control donor upon
non-stimulation or stimulation with CEF and SEB. (C) Percentage of CD8*/IFN-y* T cells
were detected by flow cytometry and compared within the group by a two-tailed, paired
non-parametric ftest (Wilcoxon) to determine P values. The horizontal line in the graphs
represents the median values. *denotes P < 0.05.
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Figure 3.

Differentiation and activation state of CD8" T cells among clinical groups. PBMCs from
controls, ACs, ATL and HAM/TSP patients were stimulated with CEF, SEB and Tax. After
stimulation, CD27 and CD45R0O were used as markers to differentiate between naive,
effector and memory phenotypes of CD8* T cells. (A) naive (CD27*/CD45R0"), (B)
effector (CD277/CD45R0O"), (C) central memory (CD27*/CD45R0O") and, (D) Effector
memory (CD27-/CD45R0™) subsets were defined. The horizontal line in the graphs
represents the median values. P values for statistical comparisons within a group were
calculated using two-tailed, non-parametric paired t test (Wilcoxon). P values between two
groups were calculated using two-tailed non-parametric unpaired t test (Mann Whitney).
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**denotes P < 0.01. Please note that our findings with CEF and SEB are similar and

therefore the comparisons for CEF have not been shown for simplifying the figure and make
it easy to understand.
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Figure4.

Ao

ATL

HAMTEP

Expression of various T-cell functional markers on IFN-y*/CD8* T cells: SEB and Tax
stimulated PBMCs from each clinical group were gated for CD8*/IFN-y* T cells using flow
cytometry (gating strategy similar to the one depicted in Fig. 2). Expression of four CTL
markers was measured. (A) CD107a, (B) perforin, (C) MIP-1qa, and (D) Expression of each
marker in response to SEB and Tax was compared across all groups. The horizontal line in
the graphs represents the median values. P values for statistical comparisons between two
groups were calculated using two-tailed non-parametric unpaired t test (Mann Whitney).

*denotes P < 0.05.
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Figure5.

CTLs in ATL and HAM/TSP patients upregulate PD-1 expression. PBMCs from each
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CEF_SEB Tax

clinical group were stimulated with CEF, SEB and Tax. After stimulation, PD-1 expression
was measured on (A) CD8*/IFN-y* T cells and B) total CD8* T cells. The horizontal line
represents the median value. P values for statistical comparisons between two groups were
made using two-tailed non-parametric unpaired t test (Mann Whitney). *denotes P < 0.05
and **denotes P < 0.01.
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Figure6.

Distinct polyfunctional profiles distinguish ACs from diseased groups. PBMCs were
stimulated with CEF, SEB and Tax and the average polyfunctionality profile of CD8* T
cells was symbolized as a pie chart and stratified by stimulation type (CEF, SEB, or Tax)
and patient category. Pie slices represent the proportion of CD8* T cells that upregulated 5,
4, 3, 2, or 1 function. Purple arc denotes the proportion of PD-1 expressing cells within each

slice.
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Figure?7.

Correlation between PD-1 and MIP-1a expression on total CD8" T cells with proviral load
in ACs, ATL and HAM/TSP patients. Upper panel: proviral loads of ACs, ATL, and HAM/
TSP patients (as plotted in Fig. 1) were correlated to the amount of PD-1 expressed on total
CDS8™ T cells (after stimulation of PBMCs with CEF, SEB, and Tax) in each sample and
plotted on X-Y scatter. A Spearman correlation was calculated using Prism 4.0 C software.
Both R2 and A values are reported. Lower panel; Similar to PD-1, MIP-1a expression was
correlated to the proviral load.
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Figure8.

Cytokine/Chemokine secretion profile of PBMCs in response to SEB and Tax stimulation.
42-plex luminex assay was used for simultaneous quantification of 42 analytes (including
cytokines, chemokines, and other immunomodulatory proteins) in the cell culture
supernatant. The concentrations of few analytes in the supernatant were below the limit of
detection and were thus excluded from analyses. The horizontal line in the graphs represents
median values. P values for statistical comparisons within a group were calculated using
two-tailed, non-parametric paired t test (Wilcoxon). *denotes P < 0.05 and **denotes P <
0.01. The P value for comparison of IL-15 levels between unstimulated and Tax stimulated

group was 0.07.

J Clin Immunol. Author manuscript; available in PMC 2014 October 01.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Manuel

etal.

Table 1

Summary of Jamaican cohort

Seronegative Control
SIN* | Race Age
F1 Asian/Pacific | 45
F2 Black 23
F3 Black 66
F4 Black 17
F5 Black 51
F6 Black 40
F7 Black 50
F8 Black 42
F9 Black 65
F10 Black 52
F11 Black 46
M1 Other 29
M2 Black 69
M3 Black 62
M4 Black 24
M5 Black 28
M6 Black 47

Asymptomatic carriers
SIN Race Age
F1 Black 57
F2 Black 19
F3 Black 23
F4 Black 40
F5 Black 62
F6 Black 43
F7 Black 40
F8 Black 42
F9 Black 40
F10 Black 46
F11 Black 49
M1 Black 73
M2 Black 45
M3 Black 30
M4 Black 19
M5 Black 13
M6 Black 63

J Clin Immunol. Author manuscript; available in PMC 2014 October 01.

Page 25



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Manuel et al.

Seronegative Control
SIN* | Race Age
ATL patients
SIN Race Age
F1 Black 48
F2 Black 49
F3 Black 53
F4 Black 68
F5 Black 49
F6 Black 68
F7 Black 41
F8 Black 27
F9 Black 20
F10 Black 51
F11 Black 41
M1 Black 30
M2 Black 57
M3 Black 22
M4 Other 25
M5 Other 46
M6 Other 75
AM/TSP patients
S/N Race Age
F1 Black 41
F2 Black 23
F3 Black 49
F4 Black 42
F5 Black/White | 51
F6 Black 19
F7 Black 47
F8 Black 64
F9 Black 49
F10 Black 63
M1 Black 16
M2 Black 22
M3 Black 75
M4 Black 46
M5 Black 57
M6 Black 31
M7 Black 57

J Clin Immunol. Author manuscript; available in PMC 2014 October 01.

Page 26



1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Manuel et al.

*
F stands for female, M for male

J Clin Immunol. Author manuscript; available in PMC 2014 October 01.

Page 27



