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Abstract
CD4þCD25highFoxp3þ T cells suppress excess immune responses that lead to
autoimmune and/or inflammatory diseases, and maintain host immune
homeostasis. However, CD4þCD25highFoxp3þ T cells reportedly contribute to
disease progression by over suppressing immune responses in some chronic
infections. In this study, kinetic and functional analyses of CD4þCD25highFoxp3þ
T cells were performed in cattle with bovine leukemia virus (BLV) infections, which
have reported immunosuppressive characteristics. In initial experiments, production of the Th1 cytokines IFN-g and TNF-a was reduced in BLV-infected cattle
compared with uninfected cattle, and numbers of IFN-g or TNF-a producing
CD4þ T cells decreased with disease progression. In contrast, IFN-g production by
NK cells was inversely correlated with BLV proviral loads in infected cattle.
Additionally, during persistent lymphocytosis disease stages, NK cytotoxicity was
depressed as indicated by low expression of the cytolytic protein perforin.
Concomitantly, total CD4þCD25highFoxp3þ T cell numbers and percentages of
TGF-bþ cells were increased, suggesting that TGF-b plays a role in the functional
declines of CD4þ T cells and NK cells. In further experiments, recombinant bovine
TGF-b suppressed IFN-g and TNF-a production by CD4þ T cells and NK
cytotoxicity in cultured cells. These data suggest that TGF-b from
CD4þCD25highFoxp3þ T cells is immunosuppressive and contributes to disease
progression and the development of opportunistic infections during BLV
infection.
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Introduction
The regulatory T cell (Tregs) types CD4þCD25þFoxp3þ,
Tr1, and gd are important immune cell populations that
limit immune responses and maintain host immune
homeostasis [1]. Among these, CD4þCD25þFoxp3þ T cells
express the immunoglobulin cytotoxic T-lymphocyte

antigen 4 (CTLA-4), the interleukin (IL)-2 receptor CD25,
and produce inhibitory cytokines such as IL-10 and
transforming
growth
factor
(TGF)-b
[2,
3].
CD4þCD25þFoxp3þ T cells express CD25 at high levels
and sequester IL-2 accordingly, rendering these T cells prone
to apoptosis [4]. IL-10 induces the expression of programmed death ligand-1 (PD-L1), which acts as a ligand for
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the immune-inhibitory receptor PD-1 in dendritic cells,
disturbs activation signals from CD28, and inhibits T cell
activation [5]. Similarly, TGF-b inhibits the functions of T
cells and antigen presenting cells in part by inhibiting the
essential Th1 and Th2 development transcription factors Tbet and GATA3 [6]. TGF-b enhances the development of
CD4þCD25þFoxp3þ T cells by inducing Foxp3 and inhibits
natural killer (NK) cell cytotoxicity following activation by
IL-2, IL-15, IL-21, and type I IFN [7–10]. Although
CD4þCD25þFoxp3þ T cells are important for host immune
homeostasis, they reportedly facilitate progression of some
chronic diseases by suppressing immune responses. Accordingly, CD4þCD25þFoxp3þ T cells from human immunodeficiency virus (HIV)-infected patients clearly inhibited
effector functions including IFN-g production and cytotoxicity, suggesting that CD4þCD25þFoxp3þ T cells compromise antiviral immune responses and favor viral replication
in HIV infected individuals [11]. Similarly, increased
CD4þCD25þFoxp3þ T cell numbers were correlated with
viral propagation during simian immunodeficiency virus
(SIV)-infection [12, 13]. Previously, TGF-b from
CD4þCD25þFoxp3þ T cells represented a mechanism of
infectious tolerance [14], was produced in abundance by
CD4þCD25þFoxp3þ T cells, and was positively correlated
with hepatitis virus levels in infected patients [15–17]. Thus,
CD4þCD25þFoxp3þ T cell-mediated immune suppression
may facilitate persistence of viral infections. Although
CD4þCD25þFoxp3þ T cells have been identified as a
regulatory T cell population in animals, few studies have
assessed the functions of this cell population and the ensuing
effects on chronic infections.
Bovine leukemia virus (BLV) is related to the human
T-cell leukemia retrovirus type 1 (HTLV-1) and causes
enzootic bovine leucosis (EBL) [18, 19]. BLV infections are
latent in the aleukemic (AL) state, but can emerge as
persistent lymphocystosis (PL) with non-malignant polyclonal expansion of CD5þ B-cells that predominantly harbor
BLV provirus, and rarely as malignant B-cell lymphoma in
various lymph nodes after long periods of latency [18].
During BLV infection, reduced cellular immune responses
play major roles in disease progression and lead to increased
susceptibility to other infections [20–22]. In previous
studies, several factors were shown to play critical roles in
the suppression of cellular immune responses and disease
progression in BLV-infections [23, 24]. Subsequently,
we reported that proportions of Foxp3þCD4þ cells were
positively correlated with numbers of lymphocytes, virus
titers, and virus loads in BLV infected cattle but were
inversely correlated with IFN-g expression [25, 26].
However, although Foxp3þCD4þ cells downregulate antiviral cytokines, their influence on BLV propagation remains
uncharacterized. Thus, to elucidate the roles of
CD4þCD25highFoxp3þ T cells in BLV-mediated
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immunosuppression and disease progression, we performed
kinetic and functional analysis of TGF-b from
CD4þCD25highFoxp3þ T cells in BLV infected cattle.

Material and Methods
Bovine samples
Bovine peripheral blood samples were obtained from Holstein
breed cattle and were maintained at the Field Science Center for
Northern Biosphere, Hokkaido University, or at dairy farms in
Hokkaido. BLV-infected cattle were diagnosed at the Veterinary Teaching Hospital, Graduate School of Veterinary
Medicine, Hokkaido University, between 2013 and 2014.
BLV infections were identified using nested-PCR, and provirus
loads were confirmed using quantitative real-time PCR as
described previously [24]. Lymphocyte numbers in BLVpositive cattle were counted using Celltac a MEK-6450
(NIHON KOHDEN, Tokyo, Japan) and animals were
diagnosed with PL when two consecutive lymphocyte counts
were more than 7,500/mL [27].

Cytokine assay
Bovine whole blood was cultivated in the presence of mouse
anti-bovine CD3 antibody (2 mg/mL; MM1A: VMRD,
Pullman, WA), mouse anti-bovine CD28 antibody
(2 mg/mL; AbD Serotec, Oxford, UK), and recombinant
bovine IL-2 (10 ng/mL; Kingfisher Biotech, Saint Paul, MN)
in 12-well plates. After 24 h, supernatants were harvested and
IFN-g (Mabtech, Nacka Strand, Sweden) and TNF-a
(Kingfisher Biotech) production was determined using
ELISA kits with a microplate reader MTP-650FA (Corona
Electric, Ibaraki, Japan) at an absorbance of 450 nm.
Bovine peripheral blood mononuclear cells (PBMCs)
were purified using density gradient centrifugation on
Percoll solution (GE Healthcare UK, Buckinghamshire,
UK). The purified PBMCs were cultured in RPMI 1640
medium (Sigma-Aldrich, St Louis, MO) containing 10%
FCS and 1% L-glutamine (Invitrogen, Carlsbad, CA) at
378C under the conditions described above. Brefeldin A
(10 mg/mL; Sigma-Aldrich) was added to the culture
medium 6 h before harvest, and harvested cells were washed
with 10%-inactivated caprine serum in phosphate buffered
saline (PBS) and were stained with FITC-conjugated mouse
anti-bovine CD4 antibody (AbD serotec) and mouse antibovine CD8 antibody (AbD serotec), which were labeled
with Alexa Fluor 647 using Zenon mouse IgG Labeling Kits
(Life Technologies, Carlsbad, CA). After staining for 30 min
at 48C, cells were treated with FOXP3 Fix/Perm Buffer
(BioLegend, San Diego, CA) and were stained with
PE-conjugated mouse anti-bovine IFN-g antibody (AbD
serotec), biotin-conjugated mouse anti-bovine TNF-a
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antibody (AbD serotec), and APC-eFluor780-conjugated
Streptavidin as secondary antibody for TNF-a for 20 min at
48C. Stained cells were analyzed using FACS Verse (BD
Biosciences, San Jose, CA) and FCS Express 4 (De Novo
Software, CA).

recombinant bovine IL-2 (10 ng/mL; Kingfisher Biotech)
alone or with BLV-gp51 peptide mix (5 mg/mL) [28] for
24 h. Brefeldin A (10 mg/mL; Sigma-Aldrich) was added to
the medium 6 h before cell harvest, and IFN-g and TNF-a
were determined in CD4þ cells using flow cytometry as
described above.

Flow cytometric analyses of Tregs
Bovine blood was treated with red blood cell lysis buffer
containing 8.26 mg/mL NH4Cl, 1.19 mg/mL NaHCO3, and
37.8 mg/mL 2Na-EDTA (pH 7.3), and then washed with PBS.
CD4þCD25highFoxp3þ T cells were then stained with FITCconjugated mouse anti-bovine CD4 antibody (AbD serotec),
Alexa Fluor 647 (Life Technologies) labeled mouse antibovine CD25 antibody (AbD serotec), and mouse antibovine CD3 antibody (VMRD), which was labeled with PE
using a Zenon mouse IgG Labeling Kit (Life Technologies).
After staining, cells were treated with FOXP3 Fix/Perm
Buffer (BioLegend) and were stained with PerCP-Cy5.5conjugated rat anti-bovine Foxp3 antibody (eBioscience,
San Diego, CA, USA). PerCP-Cy5.5-conjugated rat IgG2a k
chain isotype control (eBioscience) was used as negative
control.
WC1þTCRdþ T cells identified by staining with PElabeled mouse anti-bovine CD3 antibody (VMRD), Alexa
Fluor 647-labeled mouse anti-bovine TCRd antibody
(VMRD), mouse anti-bovine WC1 antibody (AbD serotec)
and its corresponding secondary antibody, and FITCconjugated rat anti-murine IgG2a antibody (BD
Biosciences).

Detection of TGF-b and IL-10 in CD4þCD25highFoxp3þ
T cells and WC1þTCRþ T cells
PBMCs were cultured for 6 h in the presence of Concanavalin A (5 mg/mL; Sigma-Aldrich) and Brefeldin A (10 mg/mL;
Sigma-Aldrich) and were harvested and stained as above to
detect CD4þCD25highFoxp3þ T cells and WC1þTCRþ T
cells. To detect TGF-b and IL-10, cells were stained with PEconjugated mouse anti-human TGF-b antibody (R&D
Systems, Minneapolis, MI), Biotin-conjugated mouse antibovine IL-10 antibody (AbD serotec), and secondary APCeFluor 780-cojugated streptavidin antibody (eBioscience).
Stained cells were analyzed using FACS Verse and FCS
Express 4 as described above.

T-cell bioassay with bovine recombinant TGF-b
PBMCs were pre-cultured for 2 h in the presence of
recombinant bovine TGF-b (1 ng/mL; Genorise Scientific,
Glen Mills, PA, USA) and were then incubated with mouse
anti-bovine CD3 antibody (2 mg/mL; VMRD), mouse antibovine CD28 antibody (2 mg/mL; AbD serotec), and

Detection of NK cells using flow cytometry
To detect NK cells in peripheral blood, purified PBMCs were
stained with mouse anti-bovine NKp46 antibody (AbD
serotec), mouse anti-bovine CD3 antibody (Accurate,
Westbury, NY), and mouse anti-bovine IgM antibody
(AbD serotec). CD3-IgM-NKp46þ NK cell numbers were
then determined accordingly and were additionally stained
with FITC-conjugated mouse anti-bovine CD69 antibody
(AbD serotec) to determine their activation states. The
presence of anti-viral factors was determined after treating
cells with FOXP3 Fix/Perm Buffer (BioLegend) followed by
staining with PerCP-Cy5.5-conjugated mouse anti-human
perforin antibody (BioLegend). PerCP-Cy5.5-conjugated
mouse IgG2a k chain isotype (BioLegend) was used as a
negative control.
To determine IFN-g production by NK cells, PBMCs were
cultivated in the presence of recombinant bovine IL-2
(10 ng/mL; Kingfisher Biotech) and recombinant human IL12 (400 pg/mL; eBioscience) for 72 h. Brefeldin A (10 mg/mL;
Sigma-Aldrich) was then added to the medium 6 h before
cell harvest. Harvested cells were treated with FOXP3 Fix/
Perm Buffer (BioLegend) as described above and were then
stained with PE-conjugated mouse anti-bovine IFN-g
antibody (AbD serotec). The PE-conjugated mouse IgG1
isotype (AbD serotec) was used as a negative control, and
stained cells were analyzed using flow cytometry as described
above.

NK cytotoxicity assay with bovine TGF-b
Effector CD3-IgM-NKp46þ cells were purified from PBMCs
using a MoFloTM cell sorter (Beckman Coulter, Brea, CA)
with the antibodies described above, and cell purity was
confirmed using FACS Verse (BD Biosciences). Purified NK
cells (more than 98% purity) were cultivated in the presence
of recombinant bovine IL-2 (10 ng/mL; Kingfisher Biotech)
for 16 h. Target P815 cells [29] were pretreated with 0.1%
bovine serum albumin (BSA) in PBS containing 0.2 mM
carboxyfluorescein diacetate succinimidyl ester (CFSE)(Life
technologies) for 15 min at room temperature. After
washing with RPMI 1640 containing fetal calf serum
(FCS), P815 cells were incubated with 0.1% BSA–PBS
containing mouse anti-bovine NKp46 antibody (AbD
serotec) or mouse IgG1 isotype control (Beckman Coulter)
for 20 min. NK and P815 cells were then co-cultured for 5 h
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Figure 1. Reduced anti-viral cytokine production in BLV-infected cattle. IFN-g (A) and TNF-a (B) in the supernatants of cultured PBMCs from BLVinfected aleukemic (AL: n ¼ 9) or persistent lymphocytotic (PL: n ¼ 7) cattle and uninfected cattle (n ¼ 4) were determined using ELISA. Detection of IFN-g
producing CD4þ T cells in BLV-uninfected and BLV-infected cattle at different disease stages (C: BLV(): n ¼ 7, AL: n ¼ 14, PL: n ¼ 13). Correlations
between IFN-g producing CD4þ T cells and lymphocyte numbers (D) and proviral loads (E), TNF-a producing CD4þ T cells, lymphocyte numbers (F), and
proviral loads (G) in BLV-infected cattle (n ¼ 27). Lymphocyte numbers in BLV-infected cattle were counted using Celltac a MEK-6450 and animals were
diagnosed with PL when at least two consecutive lymphocyte counts were >7,500/mL; proviral loads were quantiﬁed using real-time PCR. IFN-g- and
TNF-a-producing CD4þ T cells in BLV-infected cattle were detected using ﬂow cytometry.

at ratios of NK (E) to P815 (T) cells of 0:1, 2:1, and 4:1.
Harvested cells were washed with 0.1% BSA–PBS and were
stained with 7-amino-actinomycin D (7-AAD, BD Bioscience) for 10 min and analyzed using FACS Verse (BD

4

Bioscience). Cytotoxicity (%) was calculated as follows: (%
dead cells  % dead cells at E:T ¼ 0:1) / (100  % of dead
cells at E:T ¼ 0:1)  100. To evaluate cytotoxic effects of
TGF-b, CD3-IgM-NKp46þ cells were cultured in the
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presence of recombinant bovine IL-2 (10 ng/mL; Kingfisher
Biotech) alone or with recombinant bovine TGF-b
(5 ng/mL; Genorise Scientific) for 40 h. Cytotoxicity (%)
was then determined as above at a NK:P815 cell ratio of 2:1.

Statistics
Two-tailed paired comparisons were performed using the
Wilcoxon signed rank test or Spearman rank correlation
coefficients. Other paired comparisons were performed using
the U test, and comparisons of the three-armed trial were
made using the Steel test. Two-tailed unpaired comparisons
were performed using the Student’s t-test and Welch’s t-test,
and correlations were identified using the Spearman rank test.

Results
Reduced anti-viral cytokine production during
BLV-infection
To verify the effects of BLV on anti-viral cytokine production,
we used ELISA and flow cytometry to measure IFN-g and
TNF-a in PBMCs isolated from naturally infected cattle with
aleukemic BLV or persistent lymphocytotic BLV and
uninfected cattle. Mean IFN-g production in AL and PL
cattle was significantly lower than in uninfected cattle
(p < 0.05; Fig. 1A). Similarly, TNF-a production was
significantly decreased in AL and PL cattle compared with
uninfected cattle (Fig. 1B). To confirm these reductions in
cytokine production, proportions of CD4þ PBMCs secreting
IFN-g and TNF-a were determined using flow cytometry.
Although proportions of IFN-g secreting CD4þ cells in PL
cattle were significantly (p < 0.05) lower than those in
uninfected cattle (Fig. 1C), no correlations between the
IFN-g secreting CD4þ cells and the numbers of lymphocyte
(Fig. 1D) or proviral loads (Fig. 1E) were found in infected
cattle. In contrast, proportions of TNF-a secreting CD4þ cells
were negatively correlated with numbers of lymphocytes
(Fig. 1F; p < 0.01) and proviral loads (Fig. 1G; p < 0.01).

Subpopulations of CD4þCD25highFoxp3þ T cells
and WC1þTCRgþ T cells
To investigate Treg subpopulation during BLV-infection,
CD4þCD25highFoxp3þ T cells were detected among PBMCs
isolated from BLV-infected cattle using flow cytometry. In
these experiments, numbers of CD4þCD25highFoxp3þ T
cells did not differ significantly between AL cattle and
uninfected cattle (Fig. 2A). However, numbers of
CD4þCD25highFoxp3þ T cells were significantly higher in
PL cattle than in uninfected cattle (Fig. 2A) and were
positively correlated with numbers of lymphocytes in
infected cattle (Fig. 2B).

Figure 2. (A) The number of CD4þCD25highFoxp3þ T cells in cattle (BLV():
n ¼ 17, AL: n ¼ 21, PL: n ¼ 13). Detection of CD4þCD25highFoxp3þ T cells in
the fresh PBMCs derived from BLV-uninfected and BLV-infected cattle at
different disease stages using ﬂow cytometry analysis. Correlation between
CD4þCD25highFoxp3þ T cells and lymphocyte numbers (B) and proviral loads
(C) in BLV-infected cattle (n ¼ 34).

Moreover, numbers of CD4þCD25highFoxp3þ T cells were
positively correlated with proviral loads, although no
significant differences were found among the infected cattle
(Fig. 2C). In a previous study, bovine WC1þ T cells but not
CD4þCD25þ Foxp3þ T cells were shown to act as immune
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regulatory cells ex vivo [30]. Thus, to investigate the kinetics
of WC1þ T cells during BLV-infection, the numbers of
WC1þTCRgþ cells were determined among PBMCs from
BLV-infected cattle using flow cytometry. However,
WC1þTCRgþ cell numbers did not differ significantly
between infected cattle and uninfected cattle (data not
shown). In addition, whereas WC1þTCRgþ cells did not

K. Ohira et al.

produce the immunoinhibitory cytokines IL-10 and TGF-b,
CD4þCD25þ Foxp3þ T cells did produce these cytokines
(Fig. 3A and B). Further experiments showed that TGF-bsecreting CD4þCD25þ Foxp3þ T cell proportions were
significantly higher in AL and PL cattle than in uninfected
cattle (p < 0.05, Fig. 3D), whereas IL-10 production was
lower (Fig. 3C). As shown in Fig 3E and F, TGF-b secreting

Figure 3. Increasing TGF-b production from CD4þCD25highFoxp3þ T cells in BLV-infected cattle. IL-10 (A) and TGF-b () were detected in
CD4þCD25highFoxp3þ T cells and WC1þTCRdþ T cells. PBMCs from normal cattle (n¼5) were cultivated for 6 h in the presence of concanavalin A, and IL10- and TGF-b-producing cells were detected using ﬂow cytometry. IL-10- (C) and TGF-b-producing (D) cells were detected among
CD4þCD25highFoxp3þ T cells in BLV-uninfected (n ¼ 8) and BLV-infected cattle at different disease stages (AL: n ¼ 5, PL: n ¼ 7) using ﬂow cytometry.
Correlation between TGF-bproducing CD4þCD25highFoxp3þ T cells and lymphocyte numbers (E) and proviral loads (F) in BLV-infected cattle (n ¼ 10).
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CD4þCD25þ Foxp3þ T cell numbers tend to increase with
increasing numbers of lymphocytes and proviral loads in
BLV-infected cattle, although significant differences were
not observed.

TGF-b mediated reductions in anti-viral cytokines
As shown Figures 1 and 3, TGF-b secreting CD4þCD25þ
Foxp3þ T cells were increased in BLV-infected cattle with
reductions of IFN-g and TNF-a production in CD4þ T cells.
Thus, the effects of TGF-b on cytokine production were

investigated in CD4þ T cells. In these experiments, TGF-b
inhibited IFN-g and TNF-a production by CD4þ T cells in
infected and uninfected cattle (Fig. 4A and B), suggesting a
direct influence of TGF-b secreting CD4þCD25þ Foxp3þ T
cells on cytokine production by anti-BLV-specific and nonspecific CD4þT cells.

Reduced NK activity during BLV-infection
In this study, kinetics and functions of NK cells, and the
effects of TGF-b on NK activity were investigated to

Figure 4. Inhibition of IFN-g and TNF-a production from CD4þ T cells by TGF-b. PBMCs from normal cattle (IFN-g: n ¼ 12, TNF-a: n ¼ 9) and BLVinfected cattle (n ¼ 11) were pretreated with TGF-b for 2 h and were cultivated with IL-2 alone (A and B) or synthesized peptides from the BLV envelop
region (C and D). IFN-g- or TNF-a-producing CD4þ T cells were detected using ﬂow cytometry.
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determine their involvement in innate immunity of BLVinfected cattle. Although NK cell numbers were not affected
by BLV infection (data not shown), activated CD69þNK
cells, and their capacity to produce IFN-g were inversely
correlated with BLV proviral loads (Fig. 5A and B).
Furthermore, NK cytotoxicity in PL cattle was depressed,
reflecting low expression of the cytolytic protein perforin
(Fig. 6A and B), and NK cytotoxicity was inversely correlated
with BLV proviral loads in infected cattle (Fig. 6C). NK
cytotoxicity was also inhibited by recombinant TGF-b
(Fig. 6D).

Discussion
Dysfunctions of cell-mediated immunity, such as limited
anti-viral cytokine expression and impaired cell proliferation, have been documented well in BLV-infected cattle [20–22]. Moreover, cell-mediated immune dysfunction
accelerates disease progression during BLV-infection as
indicated in previous studies showing that IFN-g plays
important roles in protective mechanisms against BLV
propagation in infected animals [23, 24, 28]. In addition, the
ensuing immune disorder may contribute to the development of opportunistic infections in BLV-infected cattle
[31, 32]. Accordingly, BLV likely accelerates disease
progression during Mycobacterium avium (subspecies paratuberculosis) mediated Johne’s disease [33]. We recently
showed that proportions of Foxp3þCD4þ cells correlate
positively with increased lymphocyte numbers, virus titers,
and virus loads, and inversely correlate with IFN-g mRNA
expression [25]. Moreover, increased TGF-b mRNA
expression was correlated with Treg numbers [26], suggesting that bovine Foxp3þCD4þ T cells have immunosuppressive functions during BLV infection. In the present study, we
investigated Treg functions by correlating CD4þCD25
high
Foxp3þ T cell numbers with T cell responses and NK
activity in BLV-infected cattle. Moreover, bioassays with
recombinant bovine TGF-b confirmed that inhibition of
cell-mediated immunity follows increased TGF-b from
increasing CD4þCD25highFoxp3þ T cell numbers in BLVinfected cattle.
In further experiments, anti-virus cytokine production
was reduced as was shown in our previous reports [23, 24,
28]. Moreover, CD4þCD25highFoxp3þ T cell numbers were
increased in conjunction with increasing proportions of
TGF-b-secreting CD4þCD25highFoxp3þ T cells, leading to
correlations with increased proviral loads in BLV-infected
cattle, as shown previously [25, 26]. Bovine WC1þ T cells
rather than CD4þCD25þFoxp3þ T cells reportedly act as
immune regulatory cells [30, 34], warranting investigations
of WC1þ T cell kinetics during BLV-infection. Among
PBMCs from BLV-infected cattle, WC1þTCRgþ cells were
present with CD4þCD25þFoxp3þ T cells but their numbers

8

Figure 5. Negative correlations between CD69þ NK cells (A) and IFN-g
production from NK cells (B) and proviral loads in BLV-infected cattle
(n ¼ 35). CD69 expression and IFN-g production were detected using
ﬂow cytometry.

did not differ between BLV-infected and BLV-uninfected
cattle (data not shown). In addition, WC1þTCRgþ cells did
not produce the immune-inhibitory cytokines IL-10 and
TGF-b, whereas CD4þCD25þFoxp3þ T cells did. Moreover,
proportions of TGF-b secreting CD4þCD25highFoxp3þ T
cells in AL and PL cattle were significantly higher than in
uninfected cattle, although IL-10 production was lower. IL10 is recognized as a major immunoinhibitory cytokine that
downregulates immune responses during chronic disease
progression. Accordingly, increased IL-10 expression has
been correlated with disease progression during BLV
infection [35–38]. The present data indicate that IL-10 is
produced by other cells, such as macrophages, but is not
secreted by CD4þCD25highFoxp3þ T cells [35, 36]. In
contrast, although sample numbers were limited, increased
TGF-b secretion in CD4þCD25highFoxp3þ T cells was
correlated with increased numbers of lymphocytes and
proviral loads in BLV-infected cattle, corroborating previously reported positive correlations between TGF-b mRNA
expression and Treg cell numbers [26]. Hence, TGF-b is
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Figure 6. Decreased perforin production (A: BLV(): n ¼ 16, AL: n ¼ 18, PL: n ¼ 18) and cytotoxicity (B BLV(): n ¼ 7, AL: n ¼ 5, PL: n ¼ 7) of NK cells in
BLV-infected cattle with PL. Asterisks donate signiﬁcant differences between the cytotoxicity of NK cells from infected and uninfected cattle ( p < 0.05);
(C) Negative correlations between NK cytotoxicity and proviral loads in the BLV-infected cattle (n ¼ 12); (D) Inhibition of NK cytotoxicity by TGF-b (n ¼ 4).

likely involved in the observed deficits of anti-viral cytokines
and clearly inhibited cytokine production from isolated
CD4þ T cells after stimulation with CD3 and CD28
antibodies. In addition, bovine TGF-b inhibited anti-viral
cytokine production from BLV-antigen-specific CD4þ T
cells, suggesting that TGF-b is involved in immunosuppressive functions of virus-specific and non-virus-specific T cells.

However, IFN-g- or TNF-asecreting CD8þ T cell numbers
were not correlated with disease progression in the present
infected cattle (data not shown), warranting further
investigation. Potentially, the cytolytic proteins perforin
and granzyme are involved in anti-viral functions of CD8þ T
cells and could be included in future studies of T cell
dysfunction in BLV-infected cattle.
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NK cells play important roles in immune responses and
eliminate tumor and infected cells by releasing cytotoxic
granules and pro-inflammatory cytokines [39]. Accordingly,
NK cell dysfunction during HIV infection has been implicated
in disease progression following observations of decreased NK
cell activation in viremic patients [40]. Previous studies have
also shown that NK cytotoxicity is enhanced by IFN-g [10] and
that TGF-b strongly inhibits NK cytotoxicity [8, 9]. In
agreement, NK cytotoxicity was inversely correlated with TGFb in tumor patients [41]. In the present study, TGF-b secreting
CD4þCD25highFoxp3þ T cell numbers were increased, and
bovine TGF-b inhibited the production of the NK cell
stimulators IFN-g and TNF-a. Moreover, although numbers
of NK cells did not vary with BLV infection (data no shown),
their capacity to produce IFN-g was inversely correlated with
BLV proviral loads in infected cattle as immune dysfunction of
NK cells in HIV [40]. CD69 has also been positively correlated
with IFN-g production and NK cytotoxicity [42, 43] and was
inversely correlated with the BLV proviral loads in the present
study. Hence, NK cytotoxicity may be reduced during BLV
disease progression as indicated by the present observations of
depressed NK cytotoxicity and low expression of perforin in PL
cattle. Critically, NK cytotoxicity was clearly inhibited by TGFb and the expression of activating receptor NKp46 was
downregulated in neoplastic lymph nodes, suggesting that
inactivated NK cells enhance tumor formation during BLVinfection by inducing TGF-b secretion from CD4þCD25þ
Foxp3þ T cells.
Among numerous characterized immune inhibitory
responses in BLV-infection, TGF-b production from
increasing numbers of Tregs is clearly significant. Although
the mechanisms behind increasing CD4þCD25highFoxp3þ T
cell numbers during BLV infection remains unknown, the
HIV envelope protein gp120 reportedly inhibited apoptosis
of Treg after binding CD40 [44], and the nuclear HTLV-I
protein Tax induced aberrant expression of IL-2, Bcl-XL, and
CD40 in virus infected T cells [45, 46]. Hence, viral factor(s)
may increase CD4þCD25highFoxp3þ T cell numbers in BLVinfected cattle, although BLV infects B cells whereas HIV and
HTLV-I infect T cells. In a previous study, PD-L1 was
associated with stable expression of Foxp3 in
CD4þCD25þFoxp3þ T cells, and enhanced Treg function [47]. Moreover, PD-L1 promoted the development of
CD4þCD25þFoxp3þ T cells from na€ve CD4þ T cells in the
presence of TGF-b [47]. Previously, we reported that PD-L1
expression in infected B cells increases with disease
progression during BLV-infection [24]. However, although
the effects of PD-1 expression on CD4þCD25highFoxp3þ T
cells remains unclear, these data suggest that the PD-1/PDL1 pathway is involved in increased CD4þCD25highFoxp3þ
T cell numbers, and warrant further studies to determine
correlations between the PD-1/PD-L1 pathway and Treg
function in infected cattle.

10

K. Ohira et al.

In conclusion, the present experiments show that TGF-b
secretion from CD4þCD25highFoxp3þ T cells is involved in
immunosuppression and disease progression during BLV
infection. Hence, CD4þCD25highFoxp3þ T cells may
contribute susceptibility of BLV-infected cattle to opportunistic infections, warranting further investigations of the
immunosuppressive effects of CD4þCD25highFoxp3þ T cells
and of related therapeutic strategies for opportunistic
infections in BLV-infected cattle.
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