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(C) Expression of HLA-DR and other activation markers (CD11a, CD38, and CD150) by peripheral blood CD4" T cells. Representative flow cytometry
profiles are shown from one of four hNOJ (IR+) mice at 16 wk post-transplantation. (D) Percentage of HLA-DR" cells in the naive, CM, EMgyny, and
EMinyiae SUbsets of peripheral blood CD4" T cells isolated from hNOJ mice at 16 wk post-transplantation (n =4; two hNOJ (IR+) and two hNOJ (IR—)
mice) and from humans (n=3). Data are expressed as the mean = SD. Significant differences ("P<0.01, ""P<0.001) were determined by Tukey's
multiple comparison test. (E) Association between the percentage of each CD4" T cell subset and that of HLA-DR" cells in the peripheral blood CD4* T
cell population. Data were obtained from peripheral blood samples routinely collected from hNOJ (IR+) and hNOJ (IR—) mice within 28 wk post-
transplantation (50 data points obtained from 25 mice (upper panels) and 59 data points obtained from 21 mice (lower panels), respectively).

Spearman’s rank correlation coefficient was used for statistical analysis.

doi:10.1371/journal.pone.0053495.g004

leukocytes within the total PBMC population) than hNOJ (IR~)
mice (n= 13) during the course of the experiment (Figure 2A).

Furthermore, we examined the effects of irradiation on the
engraftment of HSCs in the BM of hNOJ mice in which hCD45*
leucocytes were observed. hNOJ (IR+) mice showed a significantly
higher percentage of CGD34" cells within the total BM cell
population (an average of 3.7%j 2= 5) than hNOJ (IR ~) mice (an
average of 0.3%; n=06) at 8 wk post-transplantation (Figure 2B).
The percentage of CD34™ cells within the total BM cell population
was positively correlated with the percentage of hCD45"
leukocytes within the total PBMC population at 8 wk post-
transplantation (R=0.9364, P<0.001, n=11 [five hNOJ (IR+)
and six hNOJ (IR —) mice]; Figure 2C). These results indicate that
irradiation augments the chimerism of human hematopoictic cells
due to the enhanced engraftiment of HSCs in the BM of hNOJ
mice.

Next, we investigated the development of hematopoietic cell
subpopulations in hNOJ (IR+) and hNOJ (IR—) mice (»=22 and
n= 13, respectively). The reconstituted hCD45" Jeukocytes within
the total PBMC populations from hNOJ (IR+) and hNOJ (IR—)
mice compriscd GD19" B cells, CD14" monocytes, and CD3™ T
cells (including CD4" and CD8" T cells); however, the de-
velopment of cach subpopulation was different (Figure 2D).
CD19" B cells developed carly in both hNOJ (IR+) and hNOJ
(IR—) mice, as observed at 8 wk post-transplantation, before
gradually declining over time (Figure 2D, left upper pancl). CD14"
monocytes also developed during the carly phase post-trans-
plantation in hNOJ (IR+) mice, but were rare in hNOJ (IR—)
mice. In general, the percentage of all the subpopulations was
significantly lower in hNOJ (IR —) mice than in hNOJ (IR+) mice
up until 16 wk post-transplantation, although the percentage of
CD14* monocytes in hNQJ (IR~) mice gradually increased with
time (Fig. 2D, right upper panel). In apparent contrast to the
earlier development of CD19% B cells, the development of CD3" T
cells was delayed; they were clearly apparent at around 12 wk
post-transplantation in both hNOJ (IR+) and hNOJ (IR—) mice
(Figure 2D, left and right lower panels), consistent with previous
reports of other conventional humanized mouse models
[16,20,36,37]. The percentage of CD3* T cells reflected that of
CD4" T cells; the level of CD4" T cells was higher than that of
CD8" T cells, and their developmental level tended to be higher in
hNOJ (IR+) mice than in hNOJ (IR—) mice, although no
statistically significant differences were observed between hNOJ
(IR+) and hNOJ (IR—) mice (Figure 2D, lower left and right
panels). However, both the CD4" and CD8* T cell percentages
within the total PBMC population in hNOJ (IR+) mice were
significantly higher than those in hNOJ (IR —) mice at almost time-
points up until 16 wk post-transplantation (Figure 2E, lower left
and right panels). It is noteworthy that reconstitution of CD4" T
cells was detected in more hNOJ (IR+) mice (18 of 22 mice) than
hINOJ (IR—) mice (4 of 13 mice) at 8 wk post-transplantation,
although the averaged percentages were slightly lower
(0.12%0.33% and 0.02:£0.03% CD4" T cells, respectively, within
the total PBMC population). The percentages of other human
hematopoietic cells within the total PBMC population, such as
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CD19" B cells, CD14" monocytes and CD8" T cells, were also
higher in hNOJ (IR+) mice than in hNOJ (IR—~) mice at all time-
points up to 16 wk post-transplantation (Figure 2E). Taken
together, these results indicate that irradiation contributes to the
greater reconstitution of human hematopoietic cells in these
humanized mice.

Differentiation of CD4" T Cells in hNOJ Mice

A reliable differentiation pathway for human CD4" T cells has
been proposed: an antigen-experienced naive subset differentiates
into a central memory (CGM) subset, followed by differentiation
into an cffector memory (EM) subset, before finally differentiating
into a terminal effector subset [38,39]. To investigate the
differentiation stage of GD4" T cells reconstituted in hNOJ mice,
we used hNOJ (IR+) and hNOJ (IR ~) mice in which CD4" T cells
had developed by 12 wk post-transplantation.

As shown in Figure 3A, we divided CD4" T cells into four
subsets based on their expression of cell surface antigens as
previously  reported:  naive (CD45RATCCR7'CD27Y, CM
(CD45RA™CCR7'CD27"), EM,., (CD45RA™CCR7™CD27%)
and EMiyie (CD45RATCCR77CD277) [38,40,41]. Flow
cytometric analysis using PBMCs routinely collected from hNOJ
(IR+) and hNOJ (IR—) mice (#=18 and n=6, respectively)
demonstrated that the percentage of cach CD4" T cell subset
showed similar changes in hNOJ (IR+) and hNOJ (IR =) mice by
16 wk post-transplantation (Figure 3B). The naive subset was
dominant at 12 wk post-transplantation; however, the percentage
decreased markedly, reaching a steady level of approximately 20%
at 20 wk post-transplantation in hNOJ (IR—) mice. In sharp
contrast with the changes over time observed for the naive subset,
the percentages of the EMyuny and EMi,/iqe subsets in hNOJ
(IR =) mice gradually increased over time. The percentage of the
CM subset in hNOJ (IR —) mice remained unchanged at 10—20%
throughout the course of the experiment. The percentage of each
subset in the hNOJ mice during the carly phase (12 wk) post-
transplantation was almost identical to that in human PBMCs, in
which the naive subsct was also dominant (approximately 50%,
n=10) (Figure 3C).

Activation Status of CD4" T Cells in hNOJ Mice

The activation status of the reconstituted CD4" T cells was
assessed by flow cytometric analysis of PBMCs isolated from hNO]J
(IR+) and hNOJ (IR —) mice (2= 18 and n= 6, respectively), based
on their expression of early and late activation markers (CD69 and
HLA-DR, respectively). We found that the percentage of
CD69*CD4" T cells increased in hNOJ (IR+) mice at 16 wk
post-transplantation compared with that observed at 12 wk post-
transplantation (P=0.0007). In hNOJ (IR —) mice, the percentage
of CD69"CD4" T cells appeared to show a transient increase at
16 wk post-transplantation; however, no significant differences
were observed between 16 wk post-transplantation and the other
time-points (Figure 4A, upper panel). By contrast, the percentage
of HLA-DR*CD4" T cells increased in both hNOJ (IR+) and
hNOJ (IR —) mice at 16 wk post-transplantation compared with
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Figure 5. Possible occurrence of HSP of CD4" T Cells in hNOJ mice. (A) Association between the percentage of hCD45" cells within the PBMC
population and that of CD34" cells in the BM cells from hNOJ (IR+) and hNOJ (IR—) mice at =16 wk post-transplantation (n1=12 and n=8,
respectively). Spearman'’s rank correlation coefficient was used for statistical analysis. (B) Percentage of Ki-67* cells among naive, CM, EMeany, and
EMinuiate SUbsets of splenic CD4™ T cells from hNOJ (IR+) and hNOJ (IR—) mice at =16 wk post-transplantation (n=6 and n=6, respectively) and from
human PBMCs (n=10). Data are expressed as the mean = SD. Significant differences ("P<0.05, “P<0.01, ""P<<0.001) were determined by Tukey's
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multiple comparison test. (C and D) Ex vivo IFN-y production by CD4" T cells after stimulation with PMA/ionomycin. CD4" T cells were prepared from
the spleens of hNOJ (IR+) and hNOJ (IR—) mice at =16 wk post-transplantation or from human PBMCs. (C) Representative flow cytometry profiles
showing the proportion of IFN-y" cells within each of the CD4" T cell subsets from a hNOJ (IR+) mouse at 16 wk post-transplantation. (D) Cumulative
data showing the percentage of IFN-y" cells within each of the CD4" T cell subsets from hNOJ (IR+) and hNOJ (IR—) mice and humans (n=3, n=3, and
n=4, respectively). Data are expressed as the mean * SD. Significant differences (P<:0.05, “P<0.01, " "P<0.001) were determined by Tukey's

multiple comparison test.
doi:10.1371/journal.pone.0053495.g005

12 wk post-transplantation, and the difference was statistically
significant (P<0.0001 and P<0.0313). Also, this increase was
maintained at about 50~60% beyond 16 wk post-transplantation
in hNOJ (IR—) mice (Figure 4A, lower pancel). To assess the
activation status of CGD4" T cells in other organs, such as the
spleen and BM, we next performed an experiment using hNOJ
(IR-H) mice at 8 wk post-transplantation and hNOJ (IR —) mice at
=20 wk post-transplantation as representative examples of carly-
and late-phase, respectively, CD4" T cell development. We found
that the expression of HLA-DR by peripheral blood CD4" T cells
isolated from hNOJ mice was consistent with that by cells isolated
from the spleen and BM: lower expression of HLA-DR (7.7% and
17.1% in two hNQJ (IR+) mice) during the carly phase (8 wk)
post-transplantation, which is also equivalent to that in human
PBMCs, and higher expression (68.7—93.8% in four hNOJ (IR—)
mice) during the later phase (220 wk) post-transplantation
(Figure 4B). To address whether HLA-DR' expression actually
reflects the activation status of reconstituted CD4" T cells, we
examined the expression of other activation markers: CD1la,
CD38, and CDI150. Figure 4C shows representative flow
cytometry profiles obtained using peripheral blood CGD4" T cells
isolated from one of four hNOJ (IR+) mice at 16 wk post-
transplantation. HLA-DR'CD4" T cells also expressed these
markers, confirming the highly activated status of the HLA-
DRCD4" T cells reconstituted in hNOJ mice.

We further investigated whether the activation status of CD4" T
cells was associated with their differentiation stage. When the total
percentage of HLA-DR™ cells within the peripheral blood CD4" T
cell subset populations was examined, we found that the memory
CD4" T cell subsets, particularly the EMj,, /1 subset, made up
a significantly higher proportion of this percentage than the naive
subset (n=4; two hNOJ (IR+) and two hNOJ (IR—) mice;
Figure 4D). The different HLA-DR expression patterns between
the CD4" T cell subscts were similar in human PBMCs (n=3),
although the expression levels were much lower than those in
hINOJ mice (Figure 4D). To further address this differentiation
stage-dependent level of HLA-DR expression by CD4" T cells, we
compared the percentage of each CD4" T cell subset with the
percentage of HLA-DR™ cells within the total CD4™ T cell
population using data obtained from peripheral blood samples
routinely collected from hNOJ (IR+) and hNOJ (IR—) mice
(n=25 and n=21, respectively) within 25 wk and 28 wk post-
transplantation, respectively. We found that the percentage of
HLA-DR" cells positively correlated with that of the EM_auy and
EM,, /10 subsets, and inversely correlated with that of the naive
subset, in both hNOJ (IR+) and hNOJ (IR—) mice (Figure 4E).
However, there was no significant correlation between the
percentage of HLA-DR™ cells and that of the CM subset in cither
hNOJ (IR+) or hNOJ (IR —) mice, indicating an intermediate stage
at which cells are acquiring the activation phenotype (Figure 4E).
Taken together, reconstituted GD4" T cells in hNOJ mice express
a unique phenotype compared with human peripheral blood
CD4" T cells: activated EM subsets predominate with time after
transplantation.
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Homeostatic Peripheral Expansion of CD4" T Cells May
Occur in hNOJ Mice

When the pereentage of hGD45" leukocytes within the total
PBMC population was compared with that of CD34" cells within
the total BM cell population during the later phase (=16 wk) post-
transplantation, no significant correlation was observed in cither
hNOJ (IR+) or hNOJ (IR~) mice (=12 and n= 8, respectively)
{Tigure 5A). These results prompted us to assume that CD4" T cell
proliferation/expansion was predominant in hNOJ mice during
the late phase post-transplantation. Thercfore, we next examined
the expression of a proliferation marker, Ki-67, by reconstituted
CD4" T cells using flow cytometry to assess the proliferative
capacity at different differentiation stages. CD4" T cells were
prepared from the spleens of hNOJ (IR+) and hNOJ (IR—) mice
during the later phase (=16 wk) post-transplantation (=6 and
n=6, respectively). CD4" T cells isolated from human PBMCis
(n=10) were used as a control, The results showed that Ki-67"
cells were present within the memory CD4" T cell subsets (CM,
EM_any and EMjy, 1) at higher percentages than within the naive
subset (Figure 5B, upper two pancls). A higher percentage of Ki-
67" cells was also observed in the memory subscts within the
human PBMC population than in the naive subset; however, the
levels were much lower than those observed in the hNOJ mice
(Figure 5B, lower pancl). These results support the notion that
increased CD4" T cell proliferation/expansion occurs in hNOJ
mice during the later phase post-transplantation.

HSP of CD4" T cells involves both slow and rapid proliferation
pathways. The slow pathway is IL-7-dependent and results in
limited cell activation and differentiation, whereas the latter is T
cell receptor (TCR)-dependent and IL-7-independent and results
in robust cell activation and differentiation into a memory
phenotype with the capacity to produce I'N-y [25,26]. The term
“HSP” is generally used to indicate the former; the latter is often
referred to as “spontancous HSP” [25] or “homeostatic peripheral
expansion (HPE)” [26]. It was assumed that HPE-type HSP might
occur in hNOJ mice, as described elsewhere [27,28]; therefore, we
examined the IFN-y-producing capacity of CD4" T cells isolated
from the spleens of hNOJ (IR+) and hNOJ (IR—) mice (2= 3 and
n=3, respectively) during the later phase (16 and 26 wk,
respectively) post-transplantation by stimulating them with or
without PMA plus ionomycin. Flow cytometric analysis of
intracellular IFN-y staining showed substantial numbers of IFN-
v-producing cells within the EM, /e subset after PMA/
ionomycin stimulation; the data were similar when GD4" T cells
from human PBMCs were used in the experiment (z=4)
(Figure 5C and 5D). No IFN-y-producing cells were detectable
in any of the CD4" T cell subsets from hNOJ (IR+) and hNOJ
(IR—) mice, or in human PBMCs without PMA/ionomycin
stimulation (Figure 5C and data not shown).

Next, we measured the concentrations of cytokines (IL-2; IL-7,
and IL-15, all of which are involved in CD4" T cell proliferation
[24,42]), in plasma prepared from peripheral blood samples taken
from hNOJ (IR+) and hNOJ (IR—) mice (#=9 and n=13,
respectively) at 12, 16, and (occasionally) 20 wk post-transplanta-
tion. However, none of these cytokines were present at detectable
levels (limit of detection = <3.2 pg/ml).
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Figure 6. HIV-1 co-receptors, CCR5 and CXCR4, expression profiles and ex vivo R5 HIV-1 infectivity of CD4" T Cells in hNOJ mice. (A)
Changes in the percentage of CCR5" (left) and CXCR4" (right) cells within the peripheral blood CD4" T cell population isolated from hNOJ (IR+) and
hNOJ (IR—) mice (n=18 and n =6, respectively). Data are expressed as the mean *+ SD. (B) Percentage of CCR5% and CXCR4" cells within the naive,
CM, EMeany, and EMinyiate subsets of peripheral blood CD4" T cells isolated from hNOJ mice at 16 wk post-transplantation (n=18 and n=6,
respectively) and from humans (n=5). Data are expressed as the mean = SD. Significant differences ("P<0.05, “"P<0.001) were determined by two-
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way factorial ANOVA with the Bonferroni multiple comparison test. (C, D, E) Fusion assay using R5 HIV-1 and CD4" T cells. Splenic CD4"* T cells from
hNOJ mice at =17 wk post-transplantation (n=4; three hNOJ (IR+) mice and one hNOJ (IR—) mouse) or peripheral blood CD4" T cells from humans
(n=5) were infected ex vivo with HIV-Tyapa-0-pamvee (C) Naive, CM, and EM subsets of CD4" T cells (gated on CD3'CD4'CD8™) were defined as
CD45RA*CCR7", CD45RA ™ CCR7", and CD45RA™CCR7 ™, respectively, by flow cytometry. (D) Percentage of RS HIV-1 fusion cells within the total CD4" T
cell population and within the naive, CM, and EM subsets in hNOJ mice and humans. Individual data points are plotted. The black lines represent the
mean. Significant differences ('P<0.05, "P<0.01) were determined by the unpaired t test. (E) Relative ratio of R5 HIV-1 fusion among the naive, CM,
and EM subsets from hNOJ mice and humans. The level of RS HIV-1 fusion in each of the CD4" T cell subsets relative to that in the corresponding CM
subset. Data are expressed as the mean -+ SD. Significant differences (" P<<0.001) were determined by Tukey’s multiple comparison test.

doi:10.1371/journal.pone.0053495.g006

Taken together, these results support the notion that the time-
dependent appearance of the activated memory CD4" T cell
subset in hNOJ mice is due to HPE-type HSP.

Expression Profiles of CCR5 and CXCR4 in CD4" T Cells in
hNOJ Mice

The expression profiles of the HIV-1 co-receptors, CCRS and
CXCR4, on CD4" T cells within the PBMC: populations in hNQJ
mice and humans were compared by flow cytometry. The
percentage of GCGR5YCD4" T cells gradually inercased over time
in both hNOJ (IR+) and hNOJ (IR—) mice (»=18 and n=6,
respectively) (Figure 6A, left panel). Consistent with this, a sub-
stantial percentage of C:CR5™ cells was observed in both hNOJ
(IR+4) and hNOJ (IR~) mice (»=18 and n=6, respectively) and
humans (n=15), depending on the differentiation status of the
CD4" T cells (Figure 6B, left panel). However, clear differences
between hNOJ mice and humans were observed. For example,
more CCGR5" cells were present within the GD4" T cell population
in hNOJ mice than in humans, and the CM subset in hNOJ mice
comprised 30~40% CCR5" cells, whereas in humans it comprised
significantly fewer GCR5" cells (Figure 6B, left panel). In contrast
to CCRS, CXCR4 cxprcssion was consistently observed on
‘approximately 80% of CD4" T cells in both hNOJ (IR+) and
hNOJ (IR—) mice (z=18 and n=6, respectively) throughout the
course of the experiment (Figure 6A, right pancl), although the
percentage of CXCR4-cxpressing cells at an advanced differen-
tiation stage tended to be slightly lower in both hNOJ (IR+) and
hNOJ (IR~} mice (n=18 and n= 6, respectively) (Figure 6B, right

panel).

Ex vivo R5 HIV-1 Infectivity of Reconstituted CD4* T Cells

We next performed ex vivo experiments based on fusion assays
using reconstituted CD4™ T cells to examine the susceptibility to
R5 HIV-1 infection. CD4" T cells were prepared from the spleens
of hNOJ mice during the later phase (=17 wk) post-trans-
plantation (n=4; one hNOJ (IR+) and three hNOJ (IR—) mice)
or from human PBMGs (n=25), and infected with R5 HIV-1
containing a Vpr/B-lactamase fusion protein (HIV-In1.apgn-
BlaM-vpr)- Because of the limited number of detector channels on
the flow cytometer, each CD4" T cell subset was defined as naive
(CD45RATCCR7", CM  (CD45RATCCR7Y, or EM
(CD45RACCR77) in this experiment, and R5 HIV-1 fusion
cells were detected within each subset (Figure 6C). In parallel with
the low percentage of CGCRS expression, R5 HIV-1 fusion was
rarely observed in the naive subscts from both hNOJ mice and
humans, confirming the CCRS5-dependent infection of reconsti-
tuted CD4" T cells by R5 HIV-1.

As shown in Figure 6D, the CM and EM subsets from hNO]J
mice contained significantly more R5 HIV-1 fusion cells than
those derived from humans. When the amount of R5 HIV-1
fusion within each CD4" T cell subset was expressed as a value
relative to that of the corresponding CM subset (which was set at
1), we found that the CM and EM subsets in both hNOJ mice and
humans were highly susceptible to R5 HIV-1 compared with the
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naive subset, indicating that the susceptibility to RS HIV-1 among
the CD4" T cell subsets was similar in hNOJ mice and humans
(Igure 6E). Notably, despite the finding that the percentage of
CCRS5-expressing cells in the CM subset was nearly half that in the
EM subsets (Figure 6B, left panel), R5 HIV-1 fused efficiently to
both the CM and EM subsets (Figure 6D and 6E). This result is
not surprising, as similar observations were also made in a simian
immunodeficiency virus infection model [43]. Furthermore, the
CCR5™ CM subsct expresses CCRS mRNA and is very
susceptible to RS virus [44].

In vivo R5 HIV-1 Infection in hNOJ Mice

To investigate whether the different constitution of GD4™ T cell
subsets, i.c., naive- or memory subset-rich, affected HIV-1
infectivity in vivo, we used hNOJ (IR+) mice at 10 wk post-
transplantation (2= 7) as the naive-rich group and hNOJ (IR—)
mice at 212 wk post-transplantation (2= 8) as the memory-rich
group. After the hNOJ mice were challenged intravenously with
R5 HIV-1 (HIV-1n;.-aps-n), the plasma viral load was monitored
weekly by quantitative real-time RT-PCR up until 5 wk post-
challenge.

Viral RNA was detected in the plasma of all naive-rich hNOJ
(IR+) mice at 1 wk post-challenge, and was maintained at around
1x10° copies/ml over time (Figure 7A, left panel). On the other
hand, memory-rich hNOJ (IR-) mice showed a blunted plasma
viral load during the carly phase post-challenge; however, the viral
load reached peak values that were approximately 1-log higher
than those in naive-rich hNOJ (IR-+) mice by 5 wk post-challenge
(Figure 7A, right panel). Of note, the viral load was undetectable
in the plasma of two (G122-2 and G122-5) of the eight memory-
rich hNOJ (IR —) mice by 1 and 2 wk post-challenge, respectively,
and the mean value for the plasma viral load at 1 wk post-
challenge in memory-rich hNOJ (IR—) mice was significantly
lower than that in naive-rich hNOJ (IR+) mice (Figure 7B).
Surprisingly, when we compared the absolute number of
peripheral blood CD4% T cells between naive-rich hNOJ (IR+)
and memory-rich hNOJ (IR—) mice just before challenge, we
found that memory-rich hNOJ (IR —) mice had significantly more
CD4" T cells (apart from for the naive subsct) than naive-rich
hNOJ (IR+) mice (Figure 7C), indicating that the absolute number
of peripheral blood CGD4" T cells at pre-challenge is not associated
with the timing and level of the initial plasma viral load. However,
the CD4" T cell constitution in memory-rich hNOJ (IR—) mice
may contribute to subsequent virus replication, because the peak
value for the plasma viral load during 5 wk post-challenge was
significantly higher in memory-rich hNOJ (IR—) mice than in
naive-rich hNOJ (IR+) mice (=6 and n=7, respectively; one
hNOJ (IR+) and onc hNOJ (IR—) mice were excluded from this
analysis as the experiment was interrupted before 5 wk post-
challenge) (Figure 7D).

To characterize the HIV-1-infected CD4" T cells further, three
additional hNOJ (IR —) mice were analyzed at 2 wk post-challenge
with R5 HIV-1 (Figure 8). HIV-1 infected cells were detected
according to their expression of the fluorescent reporter, DsRed,
by flow cytometry as described previously [29,45], and CD4" T
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Figure 7. /n vivo R5 HIV-1 infection in hNOJ mice. hNOJ mice were challenged intravenously with HIV-1y,.aps p and divided into two groups:
naive-rich hNOJ (IR+) mice at 10 wk post-transplantation (n=7) and memory-rich hNOJ (IR—) mice at =12 wk post-transplantation (n=8), based on
the percentage of each individual CD4" T cell subsets at pre-challenge. (A) Weekly analysis of the plasma viral load. Individual hNOJ (IR—) mice are
denoted by different colors in this and in the following figures. (B) The plasma viral load at 1 wk post-challenge. Data are plotted individually along
with the mean (black lines). Significant differences ("P<<0.05, “P<0.01) between hNOJ (IR+) mice (n=7) and hNOJ (IR—) mice in which the plasma viral
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load was detectable (5000 VL, n=6) or all hNOJ (IR-) mice (n = 8) were determined by the Mann-Whitney U test. (C) The absolute number of CD4* T
cells in the peripheral blood at pre-challenge [hNOJ (IR+) mice; n=7 and hNOJ (IR—) mice; n=8]. Each CD4" T cell subset (Naive, CM, and EM) was
defined as outlined in the legend to Figure 6. Data are plotted individually along with the mean (black lines). Significant differences ("P<0.01,
"“p<0.001) were determined by the Mann-Whitney U test. (D) The peak plasma viral load during 5 wk post-challenge [hNOJ (IR+) mice; n=6 and
hNOJ (IR—) mice; n=7]. Data are plotted individually along with the mean (black lines). Significant differences (P<0.01) were determined by the
Mann-Whitney U test.

doi:10.1371/journal.pone.0053495.g007
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Figure 8. Identification of R5 HIV-1-infected cells in hNOJ mice. Three hNOJ (IR—) mice (G33-1, G33-2, and G33-7), all at 13 wk post-
transplantation, were challenged intravenously with HIV-1y aps.p- At 2 wk post-challenge, the mice were sacrificed and the infected cells in the
spleens and BM were analyzed by flow cytometry. Each CD4" T cell subset (Naive, CM, or EM) was defined as outlined in the legend to Figure 6.
Infected cells were identified based on their expression of the fluorescent reporter, DsRed.

doi:10.1371/journal.pone.0053495.g008
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cells were rendered CD3"CD8™ cells in order to include CD4-
downmodulated HIV-I-infected cells. When analyzing the spleens
and BM, we detected infected cells within the CM and EM
subsets, but not within the naive subset. The majority of the
infected cells were within the EM subset, mainly because the EM
subset was the most numerous among the CD4" T cells
(CD3"CD8™ cells) in both the spleens and BM at 2 wk post-
challenge. However, the percentage of infected cells within the
CM and EM subsets was identical. These results indicate that both
the CM and EM subsets are a target of R5 HIV-1 in vivo.

Discussion

NOJ mice were recently developed as an alternative recipient
mouse strain for the construction of humanized mice [18]. This
novel strain was used in the present study. Since the Janus family
tyrosine kinase, Jak3, mediates downstream signaling from the
common 7 chain, and is responsible for lymphocytes development
[46], the phenotype of NOJ mice, which lack the Jak3 gene, is the
same as that of NOG/NSG mice [18]. Various methods are used
to construct conventional humanized mouse models; however, the
different methods may result in different outcomes in terms of
hematopoietic cell development. Therefore, to make the experi-
ment easier and more effective as previously suggested [9], we
constructed humanized NOJ mice by transplanting CD34" HSCs
isolated from umbilical cord blood into the liver of newborn mice.
The present study used hNOJ mice that were not irradiated prior
to HSC transplantation (i.e., hNOJ (IR—) mice), in comparison
with irradiation-treated hNOJ mice (i.e., hNOJ (IR+) mice) that
have been already established [18,47,48]. Each hematopoietic cell
population, such as T cells, B cells, monocytes, and dendritic cells
in irradiation-treated hNOJ mice show the same developmental
characteristics [18,47,48] as those in other conventional human-
ized mouse models constructed with different strains using the
same method (newborn mice were irradiated prior to intrahepatic
transplantation of umbilical cord blood-derived HSCs) [16,17,49].
Therefore, hNOJ mice may be an alternative humanized mouse
model, and experimental data pertaining to these hNOJ mice may
be shared with other conventional humanized mouse models.
However, an obvious difference between NOJ mice and other
strains is their susceptibility to irradiation, which means that they
have a limited life-span.

To evaluate hNOJ mice as an experimental animal model of
HIV-1 infection, we first investigated how the degree of
reconstitution affects the cellularity and development of CD4* T
cells using hNOJ (IR+) and (IR —) mice, which represent high and
low chimerism groups, respectively. However, we found that
qualitative differences in the characteristics of the reconstituted
CD4" T cells, such as the process of differentiation, the degree of
activation, and CCR5/CXCR4 expression, were similar between
hNOJ (IR+) and hNOJ (IR —) mice at least during the first 16 wk
post-transplantation. In hNOJ mice, the cellularity of CD4" T cells
and proportion of each CD4" T cell subset within the peripheral
blood were similar to those in other organs, such as the spleen and
BM (Figure 4B and data not shown), suggesting that the peripheral
blood CD4* T cell population may be representative of the CD4"
T cell distribution throughout other systemic compartments in
these mice. In humans, the CD45RA*CCR7" naive and
CD45RA™CCR7~ EM subsets of CD4" T cells constitute the
major subset within the peripheral blood and spleen, respectively
[50]. The most striking difference in the CD4" T cells between
hNOJ mice and humans noted here was that hNOJ mice showed
a higher percentage of CD4" T cells expressing HLA-DR, Ki-67,
and CCR5 during the later phase post-transplantation.
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The memory subset (either CD45RA-negative or CD45RO-
positive) tends to increase with time in conventional humanized
mice [28,51,52]. We found that the expansion of the
CD45RA™CCR7-CD27" EMcauy and
CD45RA™CCR7 CD27 EM;, /12 subsets, but not that of the
CD45RA™CCR77CD27* CM subset, was associated with an
activated phenotype. As suggested elsewhere [27,28], this is
probably due to the occurrence of HSP, particularly HPE-type
HSP, because (1) memory subsets, particularly the EM;, /1.
subset, expressed the proliferation marker, Ki-67, at higher levels
than the naive subset, and the levels were much higher than those
expressed by the EMjy/iaee subset within human PBMC popula-
tion; (2) the EMj/1a¢ subset showed the greatest IFN-y-producing
capacity; and (3) IL-2, IL-7, and IL-15 were undetectable in the
plasma when CD4" T cells converted to an activated memory
phenotype.

HPE-type HSP requires TCR-dependent antigen recognition,
which is independent of IL-7 [25,26]. In line with this, Onoe ¢ al.
demonstrated that HPE-type HSP of CD4" T cells correlated with
the percentage of CD14" monocytes in the periphery when
autologous T cells reconstituted in BLT mice were adoptively
transferred into T cell-deficient humanized NOD/SCID mice and
suggested that CD4" T cells need to interact with self MHC-II
molecules expressed by autologous myeloid-derived antigen-
presenting cells (APCs) to drive their expansion [26]. Furthermore,
Suzuki ¢t al. used a humanized mouse model based upon HLA-
DR-transgenic NOG sub-strain mice to show that expansion of
the EM subset of CD4" T cells occurs in an MHC-II (HLA-DR)-
dependent manner {28]. In the present study, hNOJ (IR+) mice
showed a significantly higher proportion of CD14" monocytes
within the PBMC population, and developed more CD4* T cells
than hNOJ (IR—) mice. Although we did not examine the
proportion of APCs in hNOJ (IR+) or hNOJ (IR—) mice in the
present study, it is conceivable that hNOJ (IR+) mice have more
APCs due to the higher level of chimerism. Therefore, TCR-
dependent antigen recognition via myeloid-derived APCs may
enhance HPE-type HSP of reconstituted CD4* T cells in hNOJ
(IR+) mice.

The main aim of this study was to examine whether, and how,
HIV-1 infectivity is affected in different humanized mouse models
in which the CD4" T cell composition is qualitatively and/or
quantitatively different, e.g., naive- or memory-rich phenotypes.
The results showed that the infectivity of RS HIV-1 was different
between the naive-rich and memory-rich mouse groups. One of
the most noticeable differences between the two mouse groups was
that the plasma viral load at 1 wk post-challenge was significantly
higher in naive-rich hNOJ (IR+) mice than it was in memory-rich
hNQOJ (IR —) mice. Although robust plasma viral loads have been
reported in other conventional humanized mouse models of R5
HIV-1 infection even at 1 wk post-challenge [17,53,54], our result
may be curious because the R5 HIV-1 infectivity of naive CD4* T
cells is very low, and because naive-rich hNOJ (IR+) mice would
have few memory CD4* T cells compared with memory-rich
hNOJ (IR —) mice. In the present study, we could not determine
which cellular parameters pertaining to GD4" T cells at pre-
challenge were associated with the initial plasma viral load;
therefore, the reason for the difference in viral load remains
unclear. One possibility may be the different proportions of
dendritic cells present in hNOJ (IR+) and hNOJ (IR —) mice, since
HIV-1 transmission/dissemination efficiently occurs via dendritic
cell-CD4" T cell contact [3,55,56,57]. This needs to be clarified in
future studies.

Another noticeable difference between naive-rich hNOJ (IR+)
and memory-rich hNOJ (IR —) mice in terms of the viral infection
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was the peak level of the plasma viral load. Memory-rich hNOJ
(IR—) mice showed a markedly higher peak level of the plasma
viral load during 5 wk post-challenge, suggesting the contribution
of the memory CGD4" T cell subset in this sctting, Notably, Nic
e al.  showed massive infection  of the CD45RA™C-
D45RO™CCR7™ EM subset by R5 HIV-1 in NOG-background
humanized mice [51]. Likewise, when we analyzed the spleens and
BM from hNOJ (IR —) mice at 2 wk post-challenge with R5 HIV-
1, the majority of infected cells were present in the EM subset,
most likely because the EM subset was the most numerous at that
time. However, when individual subsets were analyzed carefully,
the percentage of infected cells in the CM and EM subsets was

similar, This is explained by the fact that the fusion efficiency of

R5 HIV-1 was comparable between the two subsets (IMigure 6E).
Taken together, the data obtained in the present study suggest that
the CM subset plays a role as both a target and a reservoir for RS
HIV-1 in an HIV-1 infected humanized NOJ mouse model.
hNOJ (IR+) and hNOJ (IR—) mice were highly permissive for
infection with both CGCRS5-tropic HIV-1 (Figures 7 and 8) and
CXCR4-tropic HIV-1 (data not shown). However, because hNOJ
(IR+) mice have such a short life-span due to irradiation, their usc
is restricted to the carly phase post-transplantation; their use,
therefore, is restricted to the study of short-term of HIV-1
infection. By contrast, hNOJ (IR—) mice would be useful for
longitudinal analyscs of HIV-1 infection, as shown by other studies
that used other conventional humanized mouse models
[22,53,58]. However, it should be noted that level of HIV-1
infectivity would change, depending on the cellularity of the
reconstituted CD4" T cells in hNOJ mice. Thercfore, the selective
use of humanized mice according to the discase model is
important. For instance, hNOJ mice at the carly phase post-
transplantation would be a useful model for healthy young
humans, in which the naive CD4" T cell subsct is relatively rich
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SUMMARY: Although IFN-y release assays (IGRAs) provide increased specificity over tuberculin skin
tests, the early and sensitive detection of reactivation of latently infected Mycobacterium tuberculosis is
required to control tuberculosis (TB). Recently, a multicolor flow cytometry has been developed to
study CD4* T cell cytokine responses (IFN-y/1L-2/TNF-q) to purified protein derivatives (PPD) and
M. tuberculosis-specific antigens (ESAT-6/CFP-10) and provided useful information regarding anti-TB
immunity. However, the diagnostic relevancy remains uncertain. Here, we analyzed three additional
CD4* T cell cytokine responses (IL-10/1L-13/IL-17) to latent mycobacterial antigens (a-crystallin,
methylated heparin-binding hemagglutinin [HBHA], and mycobacterial DNA-binding protein 1
[MDP-1]) as well as PPD and ESAT-6/CFP-10 in 12 IGRA™" TB cases and 8 healthy controls. No sig-
nificant difference in IFN-y response was observed between TB cases and controls, which was likely due
to the high variation among the individuals. However, we found a significant increase over healthy con-
trols in (i) the IL-2 response to HBHA in recovery stage TB cases, (i) the number of M. tuberculosis-
specific polyfunctional CD4* T cells in on-treatment and recovery stage cases, and (iii) the IL-17
response to HBHA and MDP-1 in on-treatment and recovery stage cases. These results suggest that a
combination of these T cell cytokine parameters could aid in accurate diagnosis of latent TB infection.

INTRODUCTION

Tuberculosis (TB) is caused by Mycobacterium tuber-
culosis infection. M. tuberculosis can establish a long-
term persistent infection without causing any symp-
toms; this condition is referred to as latent TB infec-
tion (LTBI). It is estimated that one to two billion peo-
ple worldwide are living with LTBI (1). A minority of
people with LTBI develop clinical disease (active TB)
when the host TB defense mechanism is altered by poor
health conditions such as malnutrition, aging, and im-
munodeficiency caused by human immunodeficiency
virus (HIV) infection (2). The lifetime risk of clinical
disease development in L'TBI individuals is estimated to
be 5-10% (3,4); this group of individuals may benefit
from prophylactic treatment. However, because the vast
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majority of people with LTBI will not develop active
TB, it is not practical to treat all LTBI individuals.
Therefore, development of a screening method to iden-
tify individuals who may benefit from preventative
treatment is required.

Clinical IFN-y release assays (IGRAs) that detect the
IFN-y response to M. tuberculosis-specific antigens
such as ESAT-6 and CFP-10 have been developed and
are widely utilized for the diagnosis of TB because they
are more specific than conventional tuberculin skin tests
(5). The sensitivity of IGRAs for the detection of active
TB is approximately 85%, and the specificities for the
detection of active TB and LTBI are greater than 85%
and 98-100%, respectively (6); however, the predictive
value of IGRAs for the development of active TB from
LTBI is only 2.7% (7).

Although ESAT-6 and CFP-10 are the predominant
secretory proteins released during the active stage of M.
tuberculosis, several mycobacterial antigens are known
to be associated with the latent stage of M. fuberculosis
infection. The a-crystallin (Acr) protein is a member of
the small heat shock protein family that has chaperone
activity in vitro (8). Acr is required for the growth of M.
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tuberculosis in cultured macrophages, and its expression
increases under hypoxic conditions (9). Heparin-binding
hemagglutinin (HBHA) is a protein that functions as an
adhesin for epithelial cells (10). Because the transition
from the alveolar space to deeper organ sites is a crucial
step in the pathogenesis of LTBI, HBHA may serve as a
target antigen for the diagnosis of LTBI, as reported
previously (11). Mycobacterial DNA-binding protein 1
(MDP-1) belongs to a group of orthologous DNA-bind-
ing proteins that constitute 8-10% of total protein in
mycobacteria such as Mpycobacterium bovis bacillus
Calmette-Guérin (BCG) and M. tuberculosis (12,13).
MDP-1 is upregulated in the stationary phase of M.
tuberculocis infection and induces protective immunity
against M. tuberculosis infection in mice (12,14). There-
fore, in combination with M. tuberculosis-specific
ESAT-6 and CFP-10, the latency-associated antigens
may aid in monitoring the immune response to M.
tuberculosis in LTBI.

CD4+ T cells produce IFN-y and play a critical role in
controlling persistent M. tuberculosis infection. HIV-
infected patients with a decreased baseline CD4* T cell
count have a higher incidence of TB (15), and macaques
coinfected with M. tuberculosis and simian immuno-
deficiency virus that display a decreased CD4*+ T cell
count show earlier reactivation of latent M. fuberculosis
infection (16). There are many subsets of CD4* T cells,
such as T-helper 1 (Thl), Th2, Thl7, and regulatory T
cells (Tregs), and they produce a unique set of cytokines
(17). All CD4+* T subsets cooperate or interfere with
each other to control infection, and the dominant subset
may differ between active and latent M. tuberculosis in-
fection cases. Multi-parameter flow cytometry enables
analysis of these cytokine-producing antigen-specific T
cells ex vivo. Using this technology, it was proposed that
polyfunctional T cells that produce multiple cytokines
are associated with protective immunity (18), and T-cell
polyfunctionality has been analyzed in individuals with
HIV and M. tuberculosis double infection (19,20).
These studies suggested that the number of M. tuber-
culosis-specific T cells producing a combination of IFN-
y, IL-2, and/or TNF-«a may be correlated with the level
of M. tuberculosis protection; however, evidence that
these polyfunctional T cells are directly associated with
protection is still lacking. Furthermore, no previously
published study has evaluated polyfunctional T cells, in-
cluding subsets of CD4* T cells, with a wide range of
M. tuberculosis antigens such as latent phase proteins.

In this study, we postulated that the profiles of multi-
ple T cell cytokines produced in response to latency-
associated antigens vary at distinct clinical stages of M.
tuberculosis infection and provide diagnostic informa-
tion that supplements the ESAT-6 and CFP-10 profiles
detected by conventional IGRAs. Multicolor flow cyto-
metric analyses of the five CD4+* T cell cytokine
responses, such as IFN-y, IL-2, IL-10, IL-13, and IL-17,
to several M. tuberculosis-specific antigens, including
latency-associated antigens, in active TB (on-treat-
ment), non-active TB (recovery stage and contact cases),
and healthy control cases are presented.

MATERIALS AND METHODS

Study subjects: Twelve M. tfuberculosis-infected
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Table 1. Characteristics of M. tuberculosis-infected cases

Case Anti-TB therapy

no. Sex  Age (duration after treatment) QFT test  Others
1 male 25 ongoing (6 month) positive
2  male 58 none (contact) positive
3  male 79 none (contact) positive
4 male 53 prophylaxis (contact) positive
5 female 82 ongoing (<1 month) positive
6 male 31 previous (> 6 years) positive
7  male 76 previous (>2 years) positive
8 male 79 previous (> 1 year) positive
9 female 36 none (contact) positive
10 male 77 previous (>4 years) positive HIV+
11 female 46 none (contact) positive
12 male 95 previous (> 1 year) positive

cases, including seven cases of TB diagnosed by sputum
smear or PCR analysis and five cases with a history of
close contact with active TB, were recruited from Tokyo
National Hospital (Tokyo, Japan). The characteristics
of the M. tuberculosis-infected cases, all of which were
QuantiFERON TB (QFT) test positive, are shown in
Table 1. At the time of evaluation, two of the seven TB
cases were receiving on-going treatment with anti-TB
drug therapy and five were in the recovery stage after
completion of anti-TB drug therapy. One contact case
was receiving prophylactic anti-TB treatment.

Eight healthy controls with no history of TB infection
or exposure, including two males and six females with a
mean age of 32.1 years, were recruited from Nagasaki
University (Nagasaki, Japan). A blood sample from one
of the laboratory staff, who had a previous history of
being highly reactive to many mycobacterial antigens
without displaying symptoms, was used as a positive
control. All the samples included in the present study
were obtained with informed consent and with ethical
approval from the Institute of Tropical Medicine
Nagasaki University Joint Ethics Committee as well as
from the research and ethical committees of the Nation-
al Institute of Infectious Diseases (Tokyo, Japan).

Reagents: Staphylococcal enterotoxin B (SEB) and
purified protein derivatives (PPD) of M. tuberculosis
were purchased from Sigma-Aldrich (St. Louis, Mo.,
USA) and Japan BCG Laboratory (Tokyo, Japan), re-
spectively.

ESAT-6, CFP-10, Acr, methylated HBHA
(mHABA), and methylated MDP-1 (mMDP-1) were
recombinant protein products from Escherichia coli.
The vectors expressing ESAT-6, CFP-10, HBHA, and
MDP-1 were produced by a PCR-based approach using
a bacterial chromosome. Each PCR product containing
the relevant coding region was designed to allow the ex-
pression of a C-terminal, 6 X histidine-tagged variant of
the recombinant protein following ligation into the
pET-21b vector (Toyobo, Osaka, Japan). Recombinant
M. tuberculosis proteins were purified using Ni-NTA
columns (1 ml bed volume) (QIAGEN, Germantown,
Md., USA), according to the manufacturer’s instruc-
tions. The endotoxins were excised from recombinant
M. tuberculosis proteins using EndoTrap columns
(Profos AG, Regenburg, Germany), according to the
manufacturer’s instructions. Residual endotoxin levels
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were determined using a Limulus amebocyte lysate test
(Lonza, Walkersville, Md., USA) and were found to be
below 0.5 EU/10 ug protein. Chemical methylation of
the lysine residues in recombinant mHBHA and
mMDP-1 was performed as described previously (21).

The following fluorescently labeled monoclonal an-
tibodies (mAbs) were used in this study: anti-CD3-APC-
Cy7 (HIT3a), anti-IFN-y-PE-Cy7 (4S.B3), anti-IL-10-
PE (JES3-9D7), anti-IL-17-Alexa Fluor 700 (BL168),
anti-TNF-o-PerCP-Cy5.5 (MADbI1) (Biolegend, San
Diego, Calif., USA), anti-CD4-Pacific Blue (OKT4),
anti-IL-2-APC (MQI1-17H12), and anti-IL-13- FITC
(PVM13-1) (eBioscience, San Diego, Calif., USA).
Where necessary, the relevant isotype control mAb was
used. Cell viability was assessed using the LIVE/DEAD
kit (Invitrogen, Carlsbad, Calif., USA). Brefeldin-A
(BFA) was purchased from Sigma-Aldrich.

In vitro culture: Peripheral blood mononuclear cells
(PBMCs) were isolated from 10 ml of heparinized blood
by density gradient centrifugation using Lymphoprep
solution (AXIS-Shield, Oslo, Norway). After two wash-
es with PBS, cells were resuspended in R10 medium,
consisting of RPMI 1640 (Wako Junyaku Co., Tokyo,
Japan) supplemented with 10% FBS, penicillin/strep-
tomycin (Invitrogen), and 2 mM L-glutamine, A total of
0.5 to 1 X 10 PBMCs in 200 gl of R10 medium were
plated into each well of a 96-well round bottom culture
plate. Cultures were incubated with no antigen (medium
only) or medium containing SEB (16.7 ug/ml), PPD (25
ug/ml), ESAT-6 and CFP-10 (0.9 ug/ml each), Acr (1.4
ug/ml), mHBHA (1.8 ug/ml), or mMDP-1 (7.5 ug/ml).
All antigen stimulations were performed in the presence
of BFA (1 ug/ml). The cells were incubated overnight
(14-16 h) at 37°C in a 5% CO, incubator.

Flow cytometry: Following overnight incubation, the
culture plate was centrifuged and the supernatant was
removed. This was followed by the addition of 20 ul of
a previously titrated surface marker cocktail (CD3 and
CD4) and LIVE/DEAD reagent. The plate was vortex-
ed and incubated for 30 min at 4°C. After washing with
PBS, the cells were permeabilized, fixed with FACS per-
meabilizing solution (BD Bioscience, San Jose, Calif.,
USA), and incubated for 20 min at 4°C. The cells were
washed three times with Perm/wash solution (BD
Bioscience), and 20 ul of a previously titrated anti-
cytokine mAbs cocktail containing IFN-y, IL-2, I1L-10,
JL-13, and IL-17 was then added. After 30-min incuba-
tion at 4°C, the cells were washed and acquired using a
FACS Canto II flow cytometer (BD Bioscience). FACS
data were reanalyzed using FlowJo software, version
8.8.7 (TreeStar, San Carlos, Calif., USA).

Statistical analysis: Group medians and distributions
were analyzed using Wilcoxon matched-pairs signed-
rank tests and Mann-Whitney U tests. All analyses were
performed using GraphPad Prism software, version 5
(San Diego, Calif., USA). A P value <0.05% was con-
sidered significant.

RESULTS

Assessment of IFN-y-producing M. tuberculosis-
specific T cells in fresh and frozem PBMCs: T cells
stimulated with recombinant M. tuberculosis-related
antigens were analyzed by flow cytometry. Because the
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majority of the Japanese population is immunized with
BCG in early childhood, many individuals produce
PPD-reactive memory T cells. Interestingly, one asymp-
tomatic volunteer was found to be highly reactive to
both PPD and the M. tuberculosis-specific antigens,
ESAT-6 and CFP-10. This volunteer was a 60-year-old
laboratory technician who had worked in a microbiolo-
gy laboratory for almost 40 years and was therefore at a
high risk of M. tuberculosis exposure; however, this in-
dividual had no history of TB symptoms or signs of
respiratory diseases. PBMCs from this individual were
used to determine the concentration of M. tuberculosis-
related antigens required to maximize the T cell
response without causing cell toxicity. Because fresh
PBMC samples were not always available, levels of
several cytokines from both fresh and frozen PBMC
samples stimulated with a mixture of ESAT-6 and
CFP-10 were compared. Both fresh and frozen PBMCs
were stimulated with an ESAT-6/CFP-10 mixture (1.5
ug each) overnight. T cell surface staining with CD3,
CD4, and CDS8, followed by intracellular staining, was
then performed using a multicolor flow cytometer and
mAbs targeting IL-2, TNF-«, MIP-1f4, and IL-17. The
frequencies of IFN-y-producing CD4* and CD8* T
cells in fresh PBMCs (Fig. 1A) were approximately 2%
and 3.8%, respectively. These frequencies were reduced
by more than 50% in the frozen samples (Fig. 1B). The
frequency of MIP-14-producing CD8* T cells was
decreased from 2.79 + 0.81% (3.6% total) in fresh
samples (Fig. 1A) to 1.48 + 0.35% (1.83% total) in
frozen samples (Fig. 1B). However, the frequencies of
IL-2, TNF-a, and MIP-18-producing CD4" T cells were
similar in fresh and frozen PBMCs. These results
strongly suggest that IFN-y-producing T cells are sus-
ceptible to degradation by freeze-thaw procedures.
Therefore, subsequent studies were performed using
PBMCs obtained from fresh blood samples.

IFN-y and IL-2 responses of CD4" T cells to M.
tuberculosis-related antigens: The IFN-y and IL-2
responses of CD4* T cells to various M. tuberculosis-
related antigens in the 12 M. tuberculosis-infected cases
and eight healthy controls were investigated by flow
cytometry. Double-positive (IFN-y and IL-2) CD4* T
cells were detected following PPD and ESAT-6/CFP-10
stimulation; the frequency of these double-positive cells
was lower for ESAT-6/CFP-10 stimulation than that
for PPD stimulation (Fig. 2A). CD4* T cell responses
to other M. tuberculosis-related antigens, namely Acr,
mHBHA, and mMDP-1, were also investigated (Fig.
2A). In M. tuberculosis-infected cases, the IFN-y
response of CD4"% T cells to all M. tuberculosis-related
antigens tested was significantly higher than that of con-
trol cells exposed to medium alone (Fig. 2B). In con-
trast, the IFN-y responses to M. tuberculosis-related
antigens in healthy controls were not statistically sig-
nificant (Fig. 2B). The latter finding remained the same
even if analysis was confined to individuals with a high
CD4* T cell response to PPD. These results indicate
that the M. tuberculosis-related antigens used in this
study can stimulate M. {tuberculosis-reactive or
mycobacteria-reactive CD4+ T cells. Interestingly, IL-2-
producing CD4* T cells were detectable in the absence
of antigen in three M. fuberculosis-infected cases;
however, none were detected in healthy controls (Fig.
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Fig. 1. Flow cytometric analyses of fresh and frozen PBMCs following ESAT-6/CFP-10 stimulation. (A) Fresh
PBMC:s. (B) Frozen PBMCs. PBMCs were prepared from one asymptomatic high responder. Upper plots display
CD3*CD4* T cells, and lower plots display CD3*CD8* T cells. The plots display the percentage of cells produc-
ing IFN-y and either IL-2, TNF-¢, or MIP1-£. Values in the lower right quadrant represent the percentage of IFN-
y-producing cells; values in the upper left quadrant represent the percentage of IL-2, TNF-w, or MIP1-f-produc-
ing cells; and values in the upper right quadrant represent the percentage of cells producing both IFN-y and the

relevant cytokine.

2C). Despite this non-specific response, the IL-2
response to PPD in M. tuberculosis-infected cases was
significantly higher than that of media-exposed control
cells (P = 0.0425). In healthy controls, a slight IL-2
response to PPD was detected; however, the response
was not significant (Fig. 2C). Further analysis of the
1L-2 response to mHBHA in M. tuberculosis-infected
cases grouped by clinical status revealed a significant
IL-2 response in recovery stage TB cases compared with
that in control cases (P = 0.0225, Fig. 2D) and contact

210

cases (P = 0.0119, Fig. 2D). Interestingly, two distinct
groups were identified, one of which had a high IL-2
response and the other had a low IL-2 response in on-
treatment and recovery stage TB cases. This finding sug-
gests that the IL-2-producing CD4* T cells that are
stimulated by mHBHA may indicate ongoing M. tfuber-
culosis replication.

Use of polyfunctional CD4* T cells producing both
IFN-y and [1-2 as an indicator of TB: The polyfunc-
tionality and corresponding high mean fluorescence in-
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Fig. 3. Responses of polyfunctional CD4+ T cells to M. fuber-
culosis-related antigens. (A) Percentages of polyfunctional
(secreting both IFN-y and IL-2) CD4* T cells following stimu-
lation by various M. tuberculosis-related antigens. Filled circles
represent the M. tuberculosis-infected cases, and open circles
represent the healthy controls. (B) Percentages of polyfunc-
tional CD4+* T cells following stimulation by ESAT-6/CFP-10;
M. tuberculosis-infected cases are grouped according to the
disease status as either TB (on-treatment/recovery; n = 7) or
contact cases (n = 5). Responses of control cases (n = 8) are
also shown. The differences between control cells exposed to
culture medium only and grouped M. fuberculosis cases were
assessed using the Mann-Whitney test (*P < 0.05). (A, B) The
long horizontal line represents the median, and the vertical line
represents the interquartile range.

tensity of T cells that produce multiple cytokines are
highly correlated with protection in various infections
and vaccination (26). In this study, polyfunctional
CD4* T cells producing both IFN-y and IL-2 were de-
tected following all M. tuberculosis-related antigen
stimulations. No polyfunctional CD4+* T cells were de-
tectable without antigen stimulation. Although the
overall frequency of polyfunctional CD4* T cells fol-
lowing PPD stimulation was higher in the M. tuber-
culosis-infected cases than that in the healthy controls,
three of the eight healthy controls showed a high fre-
quency of polyfunctional CD4* T cells (Fig. 3A). The
difference between the frequency of polyfunctional
CD4" T cells in M. tuberculosis-infected cases and
healthy controls was not significant for the other M.
tuberculosis-related antigen stimulations (Fig. 3A);
however, when the seven on-treatment and recovery
stage M. tuberculosis-infected casés were analyzed
separately from the five M. fuberculosis contact cases,
the frequency of polyfunctional CD4* T cells following
ESAT-6/CFP-10 stimulation was significantly higher in
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the on-treatment and recovery stage groups than that in
the control group (Fig. 3B; P = 0.0365). These results
suggest that the polyfunctional CD4* T cell response to
this set of M. tuberculosis-specific antigens and not the
IFN-y response alone (Fig. 2B) has a diagnostic value
for the detection of on-treatment and recovery stage TB
cases.

IL-17A responses to some M. tuberculosis-related an-
tigens are associated with active or latent M. tuberculo-
sis infection: Compared with control cells exposed to
culture medium, the percentage of CD4+ T cells
producing IL-17A was slightly but significantly in-
creased by PPD and mHBHA stimulation (P = 0.0117
and 0.0233, respectively) (Fig. 4A). This increase was
observed only in M. tuberculosis-infected cases and not
in healthy controls (data not shown). Furthermore,
when the on-treatment and recovery stage cases were
analyzed separately from the contact cases, the IL-17A
responses induced by mHBHA (Fig. 4B) and mMDP-1
(Fig. 4C) were significantly higher (P = 0.0127 and
0.0237, respectively) than those in healthy controls in
the on-treatment and recovery stage groups only. Over-
all, these data suggest that an increased frequency of IL-
17A-producing CD4* T cells is a supportive indicator of
M. tuberculosis infection.

The frequency of IL-10-producing CD4* T cells is
reduced following TB therapy: IL-13-producing CD4*
T cells were not detected in the subjects included in this
study. In M. tuberculosis-infected cases, the IL-10
responses to ESAT-6/CFP-10, mHBHA, and mMDP-1
were significantly higher than the response to culture
medium alone (P = 0.0413, 0.0231, and 0.0144, respec-
tively) (Fig. 5A). Notably, the frequency of Acr-stimu-
lated IL-10-producing CD4* T cells in the recovery
stage TB cases was significantly lower than that in the
contact cases (P = 0.0362) (Fig. 5B). This trend needs
to be confirmed with a larger cohort of TB cases.

DISCUSSION

In this study, we performed cross-sectional analysis
of cytokine profiles in CD4* T cells from different clini-
cal stages of TB infection, including on-treatment
(active TB), recovery stage, and contact cases (both as
non-active TB), following stimulation by PPD, ESAT-
6/CFP-10, and other latency-associated M. tuberculosis
antigens. We demonstrated here that the IFN-y response
alone was unable to distinguish between TB cases and
healthy controls, even after exposure to a new set of .
latency-related M. tuberculosis antigens. However,
when TB cases were grouped by distinct clinical stages
of TB infection, significant differences between the
recovery stage TB group and control group and between
the recovery stage TB group and contact group were ob-
served in the IL-2 response to mHBHA (Fig. 2D), and
significant differences were observed between the recov-
ery stage TB group and control group in the IL-17
response to mHBHA and mMDP-1 (Fig. 4B and 4C).
Similarly, the number of M. tuberculosis-specific poly-
functional T cells producing both IFN-y and IL-2 was
also significantly different from that of the control
group in ESAT-6/CFP-10 stimulation, which is consis-
tent with previous findings (22). Thus, although further
studies are necessary, our results indicate that cytokine
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Fig. 4. IL-17 responses of CD4* T cells to M. tuberculosis-related antigens. (A) IL-17 responses to culture medium
alone (no antigen), PPD, and mHBHA in M. tuberculosis-infected cases. The differences between control cells
and each antigen were assessed using the Wilcoxon matched-pairs signed rank test (*P < 0.05). (B, C) 1L-17
responses to mHBHA (B) and mMDP-1 (C) in TB cases grouped according to the disease status as TB (on-treat-
ment/recovery; n = 7) or contact cases (n = 5). Responses of control cases (n = 8) are also shown. The differ-
ences between control cells and each M. tuberculosis group were assessed using the Mann-Whitney test (*P <
0.05). The long horizontal line represents the median and the vertical line represents the interquartile range.

profiles of various M. tuberculosis-related antigen-
specific T cells can be useful parameters to assess TB
status.

It is known that the clinical treatment of M. tubercu-
losis shifts the single IFN-y-producing CD4* T cell
response to both a polyfunctional IFN-y/IL-2 response
and a single IL-2 response (23). Therefore, while the
dominant IFN-y response is detectable during the active
TB stage, dominant IL-2 responses are more likely to be
detected at the non-active (contact and recovery) stage
of the disease. Unfortunately, we were unable to ad-
dress this issue in the present study because only two on-
treatment cases were included; therefore, further studies
with a larger sample size are warranted. Notably, the
IL-2-producing CD4" T cell response was elevated in
some patients prior to M. tuberculosis antigen stimula-
tion. Because IL-2 is known to be crucial for the main-
tenance of Treg cells (24) and proliferation of Th cells
(25), we speculated that these IL-2-producing CD4" T
cells are on duty in vivo to regulate inflammatory
responses caused by M. tuberculosis infection.

Polyfunctional M. tuberculosis-specific T cells have a
memory function with proliferative capacity (19,26) as
well as the ability to produce high quantities of
cytokines (27). These functional abilities are necessary
to control the propagation of foreign pathogens such as
M. tuberculosis. Therefore, polyfunctional T cells are
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expected to be induced in M. tuberculosis cases with
active bacterial replication, and some studies have
reported that polyfunctional T cells are present at higher
frequencies in active TB cases than those in healthy con-
trols or latent TB cases (28,29). In the present study,
significant levels of ESAT-6/CFP-10-specific polyfunc-
tional CD4* T cells producing both IFN-y and IL-2
were detected in TB cases only. An investigation of the
TNF-« responses was not performed in this study owing
to the color detection limitation of the flow cytometer
employed. Recently, a large cohort investigation of
ESAT-6- and CFP-10-induced polyfunctional M. tuber-
culosis-specific T cells (producing IFN-y, IL-2, and
TNF-a) in TB patients showed that the TNF-a-produc-
ing M. tuberculosis-specific CD4+ T cell response is
dominant and accurately reflects the active TB state
(30). However, because frozen PBMC samples were
used in the investigation, IFN-y-producing CD4+ T cells
may have been exclusively lost, as observed in the
present study (Fig. 1). Therefore, further studies are
warranted to confirm this finding.

CD4* T cells that secrete IL-17 are considered as
Th17 cells (17), which trigger early inflammatory via
neutrophil recruitment (31). Because of the methylation
at lysine residues, mycobacterial HBHA proteins are
resistant to proteolytic degradation by proteases present
in bronchoalveolar lavage fluids, and their abundance
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Fig. 5. IL-10 responses of CD4* T cells to M. tuberculosis-relat-
ed antigens. (A) The percentages of IL-10 secreting CD4+ T
cells are shown. The differences between control cells and each
antigen were assessed using the Wilcoxon matched-pairs signed
rank test (*P < 0.05). (B) IL-10 responses to Acr in M. tuber-
culosis-infected cases grouped according to the disease status as
on-treatment TB cases (n = 2), recovery stage TB cases (n =
5), and contact cases (n = 5). Responses of control cases (n =
8) are also shown. The differences between each set of samples
were assessed using the Mann-Whitney test (*P < 0.05). (A, B)
The long horizontal line represents the median and the vertical
line represents the interquartile range.

in the cell membrane is believed to aid the attachment of
M. tuberculosis to alveolar epithelial cells (32). There-
fore, we postulated that HBHA proteins are one of the
first antigens that the host immune system encounters
and that the IL-17 response to HBHA proteins can be
detected in a very early phase of M. tuberculosis infec-
tion or exposure. In the present study, we detected a
small but significant number of IL-17A-producing
CD4* T cells in response to HBHA in TB cases. This is
compatible with a previous finding that HBHA-specific
memory CD4~* T cells are present in vivo (33). To clari-
fy the role of this IL-17 immune response in the course
of M. tuberculosis infection, it is worth investigating the
IL-17 response to HBHA in a cohort of early M. tuber-
culosis exposure population.

The C-terminal domain of HBHA recognizes the
lysine-rich domain to be the same as heparin-sulfate
receptors, and MDP-1 has a heparin-binding site that
resembles HBHA (34). We hypothesized that mMDP-1
could also induce an early host immune response in a
similar manner to mHBHA. As expected, significant
responses to mMDP-1 were detected in the on-treatment
and recovery stage M. tuberculosis cases. Therefore, the
Th17 response to HBHA and MDP-1 may be a candi-
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date predictive marker of early M. tuberculosis infec-
tion.

IL-10 functions as an anti-inflammatory cytokine and
has been suggested to contribute to the onset of infec-
tious disease by inhibiting other inflammatory
cytokines. IL.-10 is also known to directly affect macro-
phages by inhibiting expression of MHC class II and co-
stimulatory molecules (35). A high number of Treg
cells, which are a known source of IL-10, are present in
human TB granulomas (36). In this study, the IL-10
response was low in recovery stage TB cases and was
even lower than that in contact TB cases (Fig. 5B). This
result may be due to the migration of IL-10-producing T
cells from the blood to local inflammatory sites. Alter-
natively, M. tuberculosis-specific IL-10-producing T
cells may have a transient role during early infection and
self-antigen-specific IL-10-producing T cells may con-
tribute to halting inflammation (37). The candidate of
self-antigen is a dump of M. tuberculosis granuloma.
Thus, it is considered that the IL-10 response to M.
tuberculosis antigen simply follows M. tuberculosis in-
flammation and that the IL-10 response may serve as a
marker for resolving the disease.

The IL-2 response to mHBHA antigen in recovery
stage TB cases was significantly higher than that in
healthy controls and contact cases. This finding implies
that the IL-2 response to mHBHA is a useful marker of
LTBI. Recent analysis of the ratio of HBHA-induced
and recombinant ESAT-6-induced IFN-y responses sug-
gested that latent TB patients can be categorized into
three different risk groups (38). Here, we found that the
ratio of mHBHA-induced and ESAT-6/CFP-10-in-
duced IFN-y T cell responses tended to decrease after
longer post-treatment durations. Because HBHA
molecules are enriched in the M. tuberculosis mem-
brane, it is likely that the T cell responses to HBHA ac-
curately reflect the TB burden. On the other hand,
ESAT-6 is known to be important for suppressing host
immunity by inhibiting macrophage function (39) and
may be required when M. tuberculosis is present in
granulomas. Therefore, the ratio of HBHA-induced to
ESAT-6/CFP-10-induced T cell responses may vary at
distinct clinical stages of TB.

In conclusion, this study employed various M. tuber-
culosis-related antigens, including a novel methylated
MDP-1 antigen, to show that the cytokine profiles of
CD4* T cells differ at each clinical stage of TB. The
results indicate that the detection of M. tuberculosis-
specific polyfunctional T cells reflects the onset of TB.
A more accurate prediction of disease onset may be
achieved by combining the detection of several
cytokines such as IL-10 and IL-17, which are produced
in response to various M. tuberculosis-related antigens.
A combination of this approach with the detection of
latent M. tuberculosis-related antigens may allow the
development of an improved diagnostic test that can
more accurately identify M. tuberculosis-infected in-
dividuals at a higher risk of developing TB and even-
tually form the basis of a public health measure for
controlling M. tuberculosis infection. We believe that
further analysis of a wide spectrum of T cell cytokine
responses to latent M. tuberculosis-related antigens will
help in the assessment of the disease status of TB
patients and the initiation of an early therapeutic inter-
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Although dendritic cells (DCs) represent a small cell population in the body, they have been
recognized as professional antigen presenting cells and key players of both innate and
acquired immunity. The recent expansion of basic knowledge concerning differentiation
and function of various DC subsets will greatly help to understand the nature of protective
immunity required in designing acquired immunodeficiency syndrome (AIDS) vaccines.
However, human immunodeficiency virus (HIV) not only targets CD4™ T cells but also
myeloid cells, including macrophages and DC. When HIV infects DC, its replication is
highly restricted in DC. Nevertheless, even a low level of HIV production is sufficient to
enhance HIV replication in activated CD4™ T cells, through antigen presentation activity by
HIV-infected DC. Considering how antiviral immunity is initiated and memory response is
maintained, such efficient DC-T cell transmission of HIV should play an important role in the
disturbed immune responses associated with HIV infection. Recently, accessory proteins
encoded by HIV have been shown to interact with various proteins in DC, and thereby
affect DC-T cell transmission. In this review, we summarize the current understanding
about DC biology, antiviral immune responses and DC restriction factors, all of which will

be important issues for the development of an effective AIDS vaccine in the future.
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INTRODUCTION

Since the discovery of dendritic cells (DCs) in the 1970s (Stein-
man, 2007), DC have long been recognized as: (1) professional
antigen presenting cells expressing high levels of major histo-
compatibility complex (MHC) class II and other costimulatory
molecules, (2) localizing to various tissues/organs, and (3) migrat-
ing to lymphoid tissues after antigen acquisition, to either initiate
immune responses or induce tolerance by interaction with T cells
(see review by Banchereau and Steinman, 1998).

In the 1990s, we (Tsunetsugu-Yokota etal., 1995) and sev-
eral others demonstrated that DC are easily susceptible to human
immunodeficiency virus type 1 (HIV-1) infection and can there-
fore also efficiently transmit virus to antigen-specific CD4™ T cells,
in spite of low levels of virus production. These earlier studies lead
to further research into the role of DC in the pathogenesis of
HIV infection, because DC-T cell interaction is considered to bet-
ter reflect the physiological mode of cell-to-cell HIV-1 infection
in vivo as compared to T-to-T or T-to-adherent cell interactions,
which involve env-mediated membrane fusion (Sattentau, 2008).
As our laboratory previously demonstrated, the close contact site
between DC-T cells is consolidated by the presence of T cell
receptor binding to MHC—-antigen complex, followed by the inter-
action and mutual signaling of various costimulatory molecules
(Tsunetsugu-Yokota etal., 1997).

A substantial number of reviews, focusing on HIV-1 trans-
mission from DC to T cells (Rinaldo and Piazza, 2004; Wu and
KewalRamani, 2006; Piguet and Steinman, 2007) have illustrated
distinct features of cell-to-cell transmission. However, although
the majority of studies focus on the close contact as a virological

synapse (VS: a neuronal synapse like cell-cell contact structure
for spreading virus infection), most of them do not consider the
importance of antigen-dependent DC-T cell interaction, which is
well-recognized as an Immunological synapse (IS: a synapse like
cell—cell contact structure for activating immune response).

In this review, we will summarize the current understanding
of various human DC subsets based on several outstanding recent
findings in DC biology and of antiviral immune responses initiated
by DCs, and discuss about newly identified DC restriction factors
counteracting HIV-1 accessory proteins (e.g., Vif, Vpu, and Nef),
which may have an impact on (1) the susceptibility of DC to HIV-1
infection and (2) the transmissibility of HIV from DC to T cells
via VS or IS.

BIOLOGY OF DENDRITIC CELLS

DC originate from common myeloid precursor cells in the bone
marrow, but are quite heterogeneous in terms of their localization,
surface phenotype, and function. The major DC subsets are classi-
cal or conventional DC (¢DC) and plasmacytoid DC (pDC). The
development pathway and the lineage relationship of these DCs
have been subjects of extensive investigation (see review by Stein-
man and Idoyaga, 2010). By analyzing bone marrow precursors
in vivo, a current view of DC development and homeostasis has
been established. In the bone marrow, monocytes and DC pre-
cursors (MDP) first develop into a common DC precursor (CDP)
before continuing development into either a monocyte, or a cDC
precursor (PreDC) and pDC, respectively (Fogg etal., 2006; Liu
etal.,, 2009). PreDC, pDC, and monocytes subsequently migrate
through blood to the spleen and lymph nodes, whereby preDC
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