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Fig. 2. Modulation of gene expression following introduction of EWS-FLI 1. Three-dimensional grid plots of the expression of five representative genes in eSZ and eGP cells with or without
EWS-FLIT were generated by GeneChip analysis (first two rows). The averages of each group (n = 3) were calculated and plotted as three layers of isobolograms on three-dimensional

graphs as described previously [2.4].

such as ones with expression below the detection level, the data were
visually checked for their 3D isobologram shape.

Discussion

We describe a unique dataset of mouse embryonic cartilage with or
without the Ewing's sarcoma fusion oncogene, EWS-FLI1. Significantly
different responses of gene expression between eSZ and eGP cells
were observed, The dataset was used in the study published recently
[5] and was informative to understand the tumorigenic mechanisms
of Ewing's sarcoma.
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treatment.

Methods: Plasma IFN-v levels in active pulmonary tuberculosis patients (n = 407) were
analyzed using QuantiFERON-TB Gold In-Tube™ (QFT-1T) at 0, 2, and 7 months of the 8-
month treatment received from 2007 to 2009 and the patients were followed up for another
16 months after treatment. Risk factors for recurrence were assessed using the log-rank test
and Cox proportional hazard models. Random coefficient models were used to compare lon-
gitudinal patterns of IFN-y levels between groups.

Results: QFT-IT showed positive results in 95.6%, 86.2%, and 83.5% at 0, 2, and 7 months,
respectively. The antigen-stimulated IFN-y responses varied significantly during the treat-
ment course (P < 0.0001). Unexpectedly, positive-to-negative conversion of QFT-IT results
between 0 and 2 months was significantly associated with earlier recurrence (adjusted haz-
ard ratio, 5.57; 95% confidence interval, 2.28—13.57). Time-dependent changes in IFN-y
levels were significantly different between the recurrence and nonrecurrence groups
(P < 0.0001).

Conclusions: Although the IGRA response varies individually, early response during the treat-
ment course may provide an insight into host immune responses underlying tuberculosis

recurrence.

© 2014 The British Infection Association. Published by Elsevier Ltd. All rights reserved.

Introduction

Tuberculosis (TB) remains a major global health problem,
resulting in 8.7 million new cases and 1.4 million deaths
annually, and multidrug-resistant TB occurs in approxi-
mately 3.7% new cases and 20% previously treated
cases.’ Recurrence is thus a major risk factor for
multidrug-resistant TB cases’ and increases the TB bur-
den.” ” TB recurrence is defined as a second episode of
active disease as a result of relapse (endogenous reacti-
vation) or exogenous reinfection after completion of pre-
vious treatment.” Biomarkers are necessary for the
assessment of treatment effectiveness including early
recurrence.’

The interferon-gamma (IFN-vy) release assay (IGRA) is an
immunological diagnostic test designed to detect TB infec-
tion. In this assay, IFN-y levels produced by primed blood
lymphocytes after stimulation with Mycobacterium tuber-
culosis (MTB)-specific antigens in vitro are measured. Ac-
cording to the assay’s principle and research findings
obtained from animal models, the IGRA response may be
attenuated proportional to decreased bacterial antigen
load as a result of successful anti-TB treatment.”” Howev-
er, clinical researchers argue that little correlation exists
between the commercial IGRA response and bacillary
burden,'” on the basis of various tests including grade of
sputum smear or presence of cavities on chest X-rays
(CXRs).""

Although many studies have demonstrated a decrease
in IFN-y values during treatment,'* '* others have shown
inconsistent changes and increases have also been re-
ported occasionally.””*” Thus, most clinicians believe
that monitoring changes in the [GRA response during
anti-TB treatment may have limited use in evaluating
the effectiveness of treatment®’; however studies on the
relationship of the IGRA response to subsequent episodes
of TB recurrence are lacking. In this study, we investi-
gated whether longitudinal patterns of the IGRA response

during the treatment period are associated with TB
recurrence.

Materials and methods

Ethics statement

A written consent was obtained from each participant. In
the case of minors, the parents provided the written
consent. The study was approved by the ethical committees
of the Ministry of Health, Vietnam and National Center for
Global Health and Medicine, Japan.

Study population

In total, 506 unrelated patients aged >16 years with smear-
and culture-positive pulmonary TB and without history of
TB treatment, were consecutively recruited from July 2007
to March 2009 in Hanoi, Vietnam. The MTB culture test was
performed using Lowenstein—Jensen media. MTB isolates
were subjected to niacin and drug susceptibility tests for
streptomycin (SM), isoniazid (INH), ethambutol, and rifam-
picin. Peripheral blood samples were obtained at diagnosis
before initiation of anti-TB treatment (0 months, baseline)
for analyzing total blood count, human immunodeficiency
virus (HIV) status, and IGRA. IGRA test was repeated at 2
months immediately after the intensive treatment period
and at 7 months at the final stage of the maintenance
treatment period of the standard 8-month regimen of
2SHRZ/6HE, which was commonly administered during the
study period in Vietnam. CXRs were obtained at the
baseline and results were interpreted by two unbiased
readers blinded to the IGRA results. In the present analysis,
patients with multidrug-resistant TB as well as HIV coin-
fection were excluded.
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Follow-up and definitions

During treatment, culture tests were repeated when smear
tests were confirmed positive at 2, 5 or 7 months. During
the 16-month post-treatment follow-up, sputum smear and
culture tests were performed at 2, 4, 7, 10, and 16 months
for all accessible cases.

Treatment failure was defined based on the WHO Global
Tuberculosis Report in 2012,” when the smear and culture
were positive at >5 months or when the smear was positive
but culture was not performed, clinical and/or CXR findings
indicated failure, and category switched to category Il of
anti-TB treatment.

Recurrence was defined when patients were cured after
treatment, and then suffered from the second TB episode.
The second episode was bacteriologically confirmed if the
sputum culture was positive at the time of recurrence or
the smear was positive or the culture revealed <5 colonies,
clinical and/or CXR findings indicated recurrence, and
category switched to category |l anti-TB treatment.

Interferon-gamma release assay

An enzyme-linked immunosorbent assay-based IGRA kit,
QuantiFERON-TB Gold In-Tube™ (QFT-IT; Cellestis, Victoria,
Australia), was used for analysis. The guidelines for algo-
rithm and software (QuantiFERON-TB Gold Analysis Soft-
ware, version 2.50; Cellestis) provided by the manufacturer
were followed for the interpretation of results. The testing
procedure was carefully monitored as described earlier,*”
and test quality control was performed during each run ac-
cording to the manufacturer’s instructions. When IFN-y
values of negative control “Nil” and positive control
“Mitogen-Nil” fell within the appropriate range, the QFT
result was assessed as positive when [FN-y value of
"“TBAg-Nil” was above the cutoff value (0.35 1U/ml) and
negative when the value was below the cutoff value. A
positive-to-negative change of QFT results was designated
as "negative conversion” in this study.

Measurement of cytokines and chemokines in
QuantiFERON-TB Gold In-Tube™ samples

Cytokines and chemokines released in QFT-IT plasma
supernatants were collected before treatment and at 2
months and 7 months after the initiation of treatment,
from 10 randomly selected recurrence patients and 10 age-
and sex-matched nonrecurrence patients were measured
using Bio-Plex multiplex system with a 27-plex cytokine-
bead kit (Bio-Plex Pro Human Cytokine 27-plex Assay; Bio-
Rad Laboratories Hercules, CA). Only values within the
asymptotic range were calculated using the standard curve
for statistical analysis.

Statistical analysis

Chi square or log-rank tests were used to compare the
incidence of recurrence (events) between groups. Influence
of time course on the proportion of IGRA-positive results
was assessed using generalized estimating equations. Wil-
coxon’s rank-sum test was used to compare nonparametric
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distributions between groups. A logistic regression model
was used to investigate risk factors involved in treatment
failure. The log-rank test of equality across strata and Cox
models after testing the proportional hazard assumption
were used to assess risk factors for recurrence. The random
coefficient model was used to assess influence of time
course on the IGRA response and the post-estimation Wald
test was used to compare the longitudinal patterns of the
response between recurrence and nonrecurrence groups.
Bonferroni’s correction was applied to correct multiple
comparisons. When the IFN-y value was greater than 10.00
IU/ml, statistical analysis was performed in both two
conditions, using a truncated value (10.00 1U/ml) or a value
based on extrapolation. Truncated values are presented in
parenthesis along with those based on extrapolation when
appropriate. The statistical results confirmed that all sig-
nificant differences found here were demonstrated in both
conditions. P values of <0.05 were considered statistically
significant unless otherwise specified. Statistical analysis
was performed using Stata version 11 (StataCorp, College
Station, TX).

Results

Characteristics of the study population

The characteristics of 506 patients recruited have been
reported elsewhere.”” In the present study, we analyzed
407 patients who were enrolled in the directly observed
treatment, short-course (DOTS) program at various study
sites and did not have multidrug-resistant TB or HIV coin-
fection at the time of initial diagnosis. Adherence to anti-
TB therapy was supervised by the healthcare staff, in coop-
eration with the patients’ family members under the DOTS
strategy of the national TB control program. Out of these

506 new smear-positive
culture-positive

2 refused QFT-IT at baseline or all 3 times

28 did not enter NTP treatment at the study sites

39 HIV-positive/not available

16 NTM or identification results were not available

14 MDR or DST resuits were not available

407 non-MDR

2 died, 4 default, 8 transferred out

| 393 finished §-month Tx |

12 failure, 9 refused follow-up

372 entered 167m0ntlr
L follow-up period !

27 recurrent cases

Figure 1  Study flow. TB: tuberculosis; QFT-IT: QuantiFERON-
TB Gold In-Tube; NTP: National tuberculosis program; NTM:
nontuberculous mycobacterium; MDR: multi-drug resistance;
DST: drug sensitivity test; MTB: Mycobacterium tuberculosis;
Tx: treatment.
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Table 1  Patterns of qualitative QFT-IT results during the treatment course (n = 407).

QFT-IT pattern® n % (95% CI)
Positive-to-Positive-to-Positive (PPP) 265 65.1 (60.3—-69.7)
Positive-to-Positive-to-Negative (PPN) 27 6.6 (4.4-9.5)
Positive-to-Positive-to-others (PP_) 40 9.8 (7.1-13.1)
Positive-to-Negative-to-Positive (PNP) 14 3.4 (1.9-5.7)
Positive-to-Negative-to-Negative (PNN) 12 2.9 (1.5-5.1)
Positive-to-Negative-to-others (PN_) 5 1.2 (0.4-2.8)
Negative-to-Negative-to-Negative (NNN) 8 1.9 (0.9-3.8)
Others 36 8.8 (6.3—12.0)

QFT-IT: QuantiFERON TB-Gold in-tube; TB: tuberculosis; 95% Cl: 95% confidence interval.
? QFT-IT was performed three times: before treatment, two months, and seven months after starting anti-tuberculosis treatment.

407 patients, 393 completed the 8-month standard treat-
ment course; 381 (97.0%) were cured and 12 (3.0%) did
not show treatment response (12/393). Among the cured
patients, 372 (97.6%) entered the 16-month post-
treatment follow-up (Fig. 1)

The median age of the 372 follow-up patients was 39.7
years (Interquartile range or IQR, 29.0-50.1); 77.7% (289/
372) were male, and 238 (64.0%) were current or ex-
smokers. Of the MTB isolates tested, 22.8% (85/372)
displayed INH resistance with or without SM resistance,
and 66.7% (248/372) were sensitive to all 4 major anti-TB
drugs tested (data not shown). During the follow-up period,
27 patients (7.3%) showed recurrence.

QuantiFERON-TB Gold In-Tube™ results during
treatment period

QFT-IT results were positive in 95.6% (389/407), 86.2% (337/
391), and 83.5% (294/352) of the patients tested at 0, 2,
and 7 months, respectively, after treatment onset. The
proportion of positive IGRA responses varied significantly
during the treatment course (P < 0.0001). The proportion
of negative conversion (positive-to-negative; PN) between
0 and 2 months, 0 and 7 months, and 2 and 7 months

were 7.9% (31/391), 12.2% (43/352), and 8.4% (29/347),
respectively. The patterns of QFT-IT results as measured
at the three time points during the course of the treatment
period are shown in Table 1.

QuantiFERON-TB Gold In-Tube™ interferon-gamma
values during treatment

The median values of IFN-y, “TBAg-Nil” at 0, 2, and 7
months were 7.33 [IQR 2.53—14.53 (10.00)], 3.22
(1.03-9.54), and 2.54 (0.77-7.80) IWU/ml, respectively.
IFN-v values significantly varied during the treatment
course (P < 0.0001).

QuantiFERON-TB Gold In-Tube™ results and
recurrence

The overall proportion of recurrence was significantly higher
inthe PN (between 0 and 2 months) group than in the positive-
to-positive (PP) group [7/27 (25.9%) vs. 18/311 (5.8%),
P = 0.0001] (Table 2). The 1-year recurrence rate was also
significantly higher in the PN (between 0 and 2 months) group
than in the PP group {25.9% [95% confidence interval (Cl),
13.3—46.8] vs. 5.5% [95% Cl, 3.4-8.7]}. The log-rank test

Table 2  Proportion of treatment failure and recurrence in TB patients showing positive-to-positive and positive-to- negatwe

patterns of QFT-IT results.

Patterns of QFT-IT results Treatment failure Pvalue” Recurrence P value®

B , nIN (%) ‘ n/N (%) ‘

Between month 0 and month 2 : Lo .
Positive-to-Positive. 8/325 (2.5). 0.203 187311 (5:8) 0.0001
Positive-to-Negative 2/30(6.7) 7127 (25.9)

Between month 0 and month 7 ,
Positive-to-Positive 19/285 (6.7) 0.222
Positive-to-Negative . 5/43 (11.6)

Between month 2 and month 7
Posmve to- Posmve 15/264 (5 7) >0.999

Posmve to Negatwe

1/29 (3 5) .

TB tuberculoms, QFT-ITY QuantiFERON-TB Gold In-Tube.

2 By Chi square or Fisher’s exact test; comparisons were made between the two groups with dlfferent patterns of QFI' IT results;

Posmve to-Positive and Positive-to- Negatlve
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Figure 2

Kaplan—Meier plots stratified by the conversion of QFT-IT results between 0 and 2 months (2a), 0 and 7 months

(2b), and 2 and 7 months (2c). QFT-IT: QuantiFERON-TB Gold In-Tube; Tx: treatment; Blue line: positive-to-positive (PP) QFT-
IT results. Red line: positive-to-negative (PN) QFT-IT results. The P values were obtained by the log-rank test.

confirmed the difference between the two groups
(P =0.0001; Fig. 2a), whereas the conversion of QF T-ITresults
between 0 and 7 months and between 2 and 7 months did not
affect recurrence (P = 0.2445 and P = 0.6159, Fig. 2band ¢,
respectively). Among the 27 recurrence cases, MTB isolates
were sensitive to all drugs tested in 14 cases (51.9%). INH resis-
tance with or without SM resistance was seen in 8 cases
(29.6%). This percentage was slightly higher than that of the
nonrecurrence group (77/345 or 22.3%), but the difference
was not statistically significant (P = 0.189, data not shown).
The proportion of this drug resistance was also not different
between groups with and without the negative conversion
(7/31 or 22.6% vs. 83/332 or 25.0%, P = 0.919) (data not
shown). Using the Cox proportional hazard model, the

association between recurrence and the negative conversion
of QFT-IT results between 0 and 2 months remained significant
(hazard ratio, 5.57; 95% Cl, 2.28—13.57) after adjusting for
BMI at baseline, smear results at 2 months, drug resistance,
and smoking status in the final model (Table 3).

QuantiFERON-TB Gold In-Tube™ interferon-gamma
values and recurrence

We further assessed possible changes in the actual IFN-y
values using a random coefficient model with log-
transformed IFN-y values of “TBAg-Nil” set as an outcome
variable and time of testing, recurrence status, and the

Table 3  Multivariate analysis using Cox proportional hazard model” to assess risk factors for recurrence (n = 372).

Proportion (%) Hazard ratio 95% CI

QFT-IT status at baseline to 2 months after starting treatment

Positive-to-Positive 18/311 (5.8) Reference =

Positive-to-Negative 7/27.:(25:9) 557 2.28—13.57
BMI 0.86 0.71-1.04
Result of sputum smear at 2 months after starting treatment

Negative 22/326 (6.8) Reference -

Positive 5/46 (10.9) 2.28 0.84—6.16
Drug resistance profile

Sensitive to all 4 drugs tested' 14/248 (5.7) Reference —

INH resistance ( + SM resistance) 8/85 (9.4) 1.66 0.65—4.19

Other resistant patterns 5/39 (12.8) 2.77 0.96—8.06
Smoking status

No 8/134 (6.0) Reference —

Yes' 19/238 (8.0) 1.48 0.61-3.61

95% Cl: 95% confidence interval; QFT-IT: QuantiFERON-TB Gold In-Tube; BMI: body mass index; INH: isoniazid; SM: streptomycin.
2 Initial model included BMI, sex, age, status of QFT-IT results at baseline to 2 months after starting treatment, presence of cavity or
extension of infiltrate on chest radiograph, the results of smear testing at 2 months, patterns of drug resistance, and smoking status.

Variables showing P > 0.2 were removed from the final model.
® The drugs INH, SM, rifampicin, and ethambutol were tested.
€ Current or ex-smokers.
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Table 4 Analysis of time-dependent change of interferon-y values during treatment period using random coefficient model.

Coefficient P value 95% CI

TBAg—Nil (log-transformed values) as outcome variable’

Month 2 ~0.64 <0.001 ~0.74 to —0.54

Month 7 -0.96 <0.001 -1.09 to -0.82

Recurrence -0.17 0.535 —0.70 to 0.36

Interaction term between 2 -0.83 <0.001 ~1.20 to —0.46

months and recurrence

Interaction term between 7 -0.17 0.513 —0.67 to 0.33

months and recurrence

Constant 1.73 <0.001 1.58 to 1.87
Mitogen—Nil (log-transformed values) as outcome variable

Month 2 0.43 <0.001 0.26 to 0.59

Month 7 1.05 <0.001 0.88 to 1.22

Recurrence -0.04 0.902 —0.61 to 0.54

Interaction term between 2 0.22 0.465 —0.37 to 0.81

months and recurrence

Interaction term between 7 -0.04 0.904 —0.64 to 0.57

months and recurrence

Constant 1.12 <0.001 0.96 to 1.28

95% Cl: 95% confident interval; TBAg—Nil: tuberculosis-specific antigen values minus Nil values; Mitogen—Nil: mitogen values minus Nil

values.
# 0 month and nonrecurrence group are reference categories.

interaction between the two as independent variables. IFN-
v levels differed significantly with time between the
recurrence and nonrecurrence groups according to the
post-estimation Wald test (P < 0.0001) (Table 4). Fig. 3
shows the linear prediction lines of nonrecurrence and
recurrence groups, being overlaid on the basis of individual
changes in IFN-y values.

Statistical significance in the overall difference in QFT-IT
IFN-y values between the two groups prompted us to
characterize further estimates. Among the three time

Log IFN-y value (IU/ml)

AN N
AN

points measured, IFN-y values at 2 months were signifi-
cantly lower in the recurrence group than in nonrecurrence
group {1.36 [IQR, 0.25—3.15] vs. 3.82 [1.12—10.51 (10.00)]
IU/ml, P = 0.003}, whereas IFN-y values at 0 months were
not significantly different between the recurrence and non-
recurrence groups (P = 0.1467). In addition, magnitudes of
IFN-v level changes measured at two consecutive points of
time were divided equally into three levels for comparing
recurrence time. This indicated that increase of IFN-y
values between 2 and 7 months was significantly associated

Log IFN-y value (IU/ml)

3a) month

Figure 3

3b) month

Linear prediction of transition patterns of interferon-y that responded to TB-specific antigens (3a) and to mitogen

(3b) among recurrence and nonrecurrence cases. TB: tuberculosis; IFN-y: interferon-y; Blue line: individual IFN-y pattern; Upper
red line: linear prediction line of nonrecurrence group; Lower red line: linear prediction line of recurrence group.
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Figure 4 Kaplan—Meier plots stratified by the magnitude of
increase in interferon-y values that responded to TB-specific
antigens. The magnitude of increase in interferon-y values be-
tween 2 and 7 months was divided equally into three levels:
small (blue line), medium (red line) and large (green line);
TB: tuberculosis; Tx: treatment; The P value was obtained by
the log-rank test.

with TB recurrence (P = 0.0202). Kaplan—Meier plots are
shown in Fig. 4.

QuantiFERON-TB Gold In-Tube™ and treatment
failure

The proportion of failure was slightly higher in the PN group
(between 0 and 2 months) than in the PP group (Table 2),
although no significant association was found even after
we ran the logistic regression model with treatment failure
as an outcome variable, and the status of negative conver-
sion and result of smear testing at 2 months both as inde-
pendent variables (data not shown). However, similar to
the results observed between IFN-y patterns and recur-
rence, the IFN-y values of “TBAg-Nil” at 2 months were
significantly lower in the failure group than in the cure
group [median = 1.04, (IQR = 0.21-3.44) vs. 3.46
(1.03—9.82) IU/ml, P = 0.0285].

Cytokines and chemokines in QuantiFERON-TB Gold
In-Tube™ plasma supernatants after stimulation
with tuberculosis-specific antigens

Among the 27 cytokines and chemokines tested, IL-2, IL-
1RA, IP-10, and IFN-y levels were increased after TB-
specific antigen stimulation, and the levels were signifi-
cantly different compared with unstimulated control levels
(data not shown). IL-2, IP-10, and IFN-y levels tended to be
lower in the recurrence group than in the nonrecurrence
group (Table 5). Difference in IP-10 and IFN-y levels at 2
months remained significant even after Bonferroni’s correc-
tion. IL-10 levels were not different between the conditions
(Table 5).
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Discussion

In our study, >80% patients had a positive IGRA response
until treatment completion, although TB-antigen-
stimulated IFN-y values gradually decreased with time.
Interestingly, negative-conversion of the IGRA response
after 2 months of treatment was significantly associated
with early TB recurrence, and longitudinal patterns of the
IGRA response during the treatment course were different
between the recurrence and nonrecurrence groups.

According to most of the previous studies, the pro-
portions showing positive IGRA responses before, during,
and after anti-TB treatment tend to decrease in a time-
dependent manner, but are largely variable.'’ '” High pro-
portions of positivity before and during the treatment
period in our study may have resulted from strong TB-
antigen-specific IFN-y response before treatment (median
IFN-y levels = 7.33 IU/ml), presumably because of high
bacillary burden in immunocompetent individuals. IFN-y
levels are known to not easily decrease below the cutoff
level in such cases.””*” Frequent exposure to MTB is one
of the reasons for relatively high IFN-y values during treat-
ment course. '

Nevertheless, our study showed that IFN-y values varied
and gradually decreased with time. This finding is consis-
tent with earlier reports, but varies from other results
in which IFN-y values did not change remarkably'~ or
increased.'” In the Indian study cohort,'” a large proportion
of the subjects were hospitalized as compared with our
study (80.0% vs. 22.1%), and the patients may have suffered
from more severe disease than those in the present study.
In such cases, recovery or elevation of IFN-y levels may
be observed after starting the effective treatment,
although the bacterial antigen load may decrease. Such a
paradoxical response may be often observed after several
days of blood-cell incubation, to allow proliferation of
IFN-v-producing cells, as reported previously.”’

Negative conversion of the IGRA response after 2 months
of treatment was significantly associated with early recur-
rence in our cohort, even after adjustment for possible
confounding factors. This was different from our expecta-
tion; no studies have attempted a possible association
between actual recurrence and the IGRA response during
treatment. TB antigen-specific IFN-y levels observed at 2
months were also significantly lower in the recurrence
group than in the nonrecurrence group. Pretreatment IFN-
vy levels were slightly lower in the recurrence group
(median = 6.03 IU/ml) than in the nonrecurrence group
(median = 7.89), but were considerably higher than the
cutoff value. Therefore, frequent negative conversion at 2
months in the recurrence group cannot be attributed to a
simple fluctuation of IFN-y levels around the cutoff value.
As a possible confounder, the proportion of INH-resistance
was not significantly associated with recurrence or negative
conversion in our study, indicating that 2SHRZ/6HE, a
previous standard treatment regimen during the study
period in this area, did not affect our main findings.

In general, TB recurrence tends to occur when the initial
disease course is severe and prolonged.’” Peripheral blood
cells may not sufficiently respond to TB-specific antigens
in such a disease state. Notably, suppression of IFN-y pro-
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Table 5 - Levels of IL-2, IL-1RA, IP-10; IFN-y, and IL-10 in. QFT-IT supernatants with and without TB-antigen stimulation in nonrecurrence and recurrence groups.

- No stimulation (Nil tubes)a - : Pvalue” Stimulated with TB-antigens (TBAg tubes)a P value”
‘Nonrecurrence = ‘Recurrence Nonrecurrence Recurrence
n.=10" n.=10" n=10 n=10
SISl B E e T
Month 0 9.55 (4.99-10.00) 9.67 (6.45—11.96) 0.6480 119.59 (71.33—301.01) 87.65 (48.07—147.28) 0.1509
‘Month:2 ‘ ~9,‘42"~‘(2.’7779,‘92) Y 9.42 (3.67—10.00) 0.7606 108.22 (67.52—199.84) 42.55 (34.23-90.57) 0.0588
Month 7 9,42 (2;59-—9.92) 19,67 (2.59—10.00) 0.5656 80.86 (43.25—182.72) 40.26 (20.25—84.47) 0.1124
IL-1RA- . ‘
Month;,O: . 383.021'(211.01-—590.51) 506.14 (316.64—593.18) 0.4057 783.99 (528.86—1177.69) 920.99 (648.56—1065.19) 0.7624
Month 2 184.,74;(1;15.41—198.36)" 267.38 (205.48—469.55) 0.0821 455.26 (220.52--758.45) 406.91 (325.55—593.61) >0.9999
Month 7. 144,68 (120.22-158.43) 252.82 (197.18—306.53) 0.0156 360.04 (130.28—528.86) 328.62 (255.49—690.86) 0.4497
IP-10 = - : -
Month 0 6465.02 (3950.00—9531.21) 7291.13 (4614.94—13,068.25) (0.4497 136,362.20 (90,912.67—151,897.60) 86,495.93 (53,311.35—120,082.80) 0.0638
Month 2 5511.37 (2435.73—10,045.31) - 7256.33 (5237.79—-9094.84) 0.4497 128,971.10 (60,384.23—151,897.60) 38,334.16 (17,740.69—53,528.71) 0.0072
Month'7 ~ 3823.80 (1085.59—5388.28) 7182.96 (3012.90—14,986.52) 0.1736 106,655.30 (28,361.69—151,897.60) 32,663.32 (17,160.10—102,471.50) 0.1038
IFN-y - v
Month 0 126.01 (99.82-211.41) 124.17 (98.70—154.42) 0.9698 784.28 (387.67—1657.85) 393.75 (278.23—600.60) 0.0696
Month 2 81.33 (66.62—102.40) 102.40 (67.86—123.09) 0.2550 391.68 (217.13—1393.35) 157.00 (136.92—174.37) 0.0041
Month 7 ©86.21.(56:12—94.53) 98.34 (74.93—139.49) 0.1730 266.15 {116.70—590.04) 153.38 (113.18-316.82) 0.5453
IL-10 S :
quth 0 "76;40 (6:12—~7.97) 6.82 (6.21—12.49) 0.4267 6.12 (5.86—6.21) 7.13 (6.21—11.84) 0.0443
Month 2 6,12 (6.07—6.21) 6.21 (6.07—12.09) 0.2215 6.07 (5.90—6.12) 6.17 (6.07—6.66) 0.1457
Month 7 6.17 (6.07—6.25) 6.17 (5.86—6.59) 0.9393 6.07 (5.86—6.12) 6.21 (5.86—6.78) 0.1264

QFT-IT: QuantiFERON TB-gold In-tube; TB: tuberculosis; TbAg: tuberculosis-specific antigens; NS: non-significant.
* Values (pg/ml) are expressed in median (interquartile range).
b Compared between non-recurrent and recurrent groups. The P values were obtained by Wilcoxon’s rank-sum tests; values in bold and

underlined are those remained significant after Bonferroni’s correction.
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duction from CD4+ T-cells in response to certain TB-
specific peptides has been observed in patients with severe
pulmonary TB.?” In such a condition, inhibitory receptors
and soluble factors that induce T-cell anergy, such as
CTLA-4 and IL-10,*® contribution of regulatory T (Treg)-
cells,”™ and compartmentalization of TB antigen-
specific T-cells*” may have played a role in low IFN-y levels.
In our study, however, the extent of pulmonary TB lesions,
an indicator of TB severity (data not shown), and IL-10 pro-
duction at 2 months, a marker of Treg activity, were not
different between the two groups. Furthermore, according
to the abovementioned mechanisms, IFN-y levels should
have been suppressed before treatment and recovered dur-
ing effective treatment, contrary to the pattern observed
in this study. Difference caused by nonspecific immune sup-
pression that may occur in malnutrition or other states is
also unlikely because the amount of nonspecific mitogen-
induced IGRA response was not significantly different be-
tween the two groups (Fig. 3b).

Although our study provided no direct evidence, the
impairment of T-cell memory function at the convalescent
stage may have caused both the negative conversion and
the low IFN-y values seen in the IGRA results at 2 months in
the recurrence group. Several lines of evidence have
demonstrated that antigen-specific IFN-y-only-secreting
effector T cells are predominant in untreated active TB
disease and also indicate that when the antigen load
decreases after starting treatment, dual IFN-y/IL-2- or
single IL-2-secreting T-cells with more memory-cell char-
acters become more predominant.”’“~“" In the recurrence
group, it is possible that dual IFN-y/IL-2-secreting or poly-
functional T-cells have failed to expand for unknown rea-
sons, whereas IFN-y-only-secreting cells have continuously
decreased, resulting in a significant reduction in overall
IFN-y production. Indeed, IL-2 induction in QFT-IT tended
to be lower parallel with the lower IFN-y response at 2
months in the recurrence group than in the nonrecurrence
group. Further immunological studies on lymphocyte sub-
populations would be necessary to elucidate the underlying
mechanism.

In addition to the low IFN-y values at 2 months, the
increase in IFN-y values between 2 and 7 months was also
associated with early TB recurrence. A previous study ' re-
vealed a minor and insignificant increase in IFN-y levels at
6 months after treatment completion in subjects having
recurrence risk. It is well known that the IGRA response
is higher in active TB than in latent TB infection despite
a large overlap,”” " and the cytokine-producing capacity
of MTB-specific CD4 and CD8 T-cells is associated with
increased bacillary burden.””*® Collectively, a slight in-
crease in IGRA responses between 2 and 7 months in the
recurrence group may indicate significantly increased
bacillary burden in the subclinical stage before
recurrence.

Additionally, in the treatment failure group, the
tendency for decreased IFN-y levels at 2 months may
not be explained by only change in bacillary burden,
because the burden should be considerably higher in the
failure group. The similarity in IFN-y level patterns
between recurrence and failure may suggest a common
underlying mechanism, possibly the impairment of T-cell
function, although the statistical power of our study was
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not strong enough to analyze this with regard to treat-
ment failure.

IP-10 is a small chemokine expressed by antigen-
presenting cells and it is induced by IFN-y.”* IP-10-based
tests are comparable to the IGRA response™ in different
groups of TB-related subjects, including HIV-uninfected
and infected subjects evaluated at the time of TB diagnosis
or over time. ***** However, our study results are not conclu-
sive about the better indicator among the two.

We did not distinguish reinfection from relapse in this
study. However, we assumed that relapse cases are pre-
dominant because recurrence occurred during the short
follow-up period (16 months). It should be emphasized that
our findings cannot be used for the prediction of recur-
rence, because a variety of individual variations in longitu-
dinal patterns of the IGRA response were observed.
Nevertheless, our findings provide additional insights on
the clinical relevance of IGRA in TB management. Negative
conversion of the IGRA response after 2 months of treat-
ment was not a good sign though it is widely believed to
indicate clearance of infection.

The strength of the present study lies in the high
proportion of patients completing treatment and active
follow-up. However, this study has a few limitations. First,
the last IGRA was performed at 7 months of treatment. The
magnitude of change in IFN-y values in the recurrence
group may have been larger if the evaluation was per-
formed at a later stage. Second, in our settings, we were
unable to study the host immune response in detail so as to
elucidate the underlying mechanism.”*" Third, diabetes,
one of the possible confounding factors for TB recurrence,
was not actively screened in our study protocol. However,
the frequency of diabetes based on a questionnaire-based
interview was relatively low (4.6%) in the study population
and nonexistent (0%) in the recurrence group. Therefore,
we did not include this factor in the multivariate analysis.
Nevertheless, our data showed a negative association be-
tween IGRA response and recurrence, which may prompt
future studies in this field.

In conclusion, this study showed that the patterns of
IGRA responses to TB-specific antigens during treatment
differ according to recurrence status and thus may provide
insights into the immunological background prior to TB
reactivation, a major question in this field.
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Histone H4 Modification During Mouse Spermatogenesis
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Abstract. The core histone is composed of four proteins (H2A, H2B. H3 and H4). Investigation of the modification patterns
of histones is eritical to understanding their roles in biological processes. Although histone modification is observed in multiple
cells and tissues. little is known about its function in spermatogenesis. We focused on the modification patterns of histone
H4 during murine spermatogenesis. We demonstrated that the individual N-terminal sites of H4 show different modification
patterns during the differentiation of male germ cells. The methylation pattern varied depending on the vesidues that were
mono-. di-. or tri-methylated. All the H4 modifications were high during the meiotic prophase. suggesting that histone H4
modification plays an important role during this stage of spermatogenesis. Elongating spermatids showed increased acetylation
of histone H4. which may be associated with a histone-to-protamine substitution. Our results provide further insight into the
specific relationship between histone M4 modification and gene expression during spermatogencsis. which could help to
elucidate the epigenetic disorders underlying male infertility.

Key words: Acetylation. Histone H4. Immunohistochemistry. Mouse. Spermatogenesis

(J. Reprod. Dev. 60: 383-387, 2014)

Ep(gcncnc.\' 15 the study of mutotically or meiotically heritable
changes in gene expression or cellular phenotype that are caused
by mechanisms other than changes in the underlying DNA sequence
1], As an epigenetic mechanism. listone modification is as important
as DNA methylation and plays essential roles m gene mactivation
and activation. The core histone i1s composed ot four proteins (H2A.
H2B, H3 and H4), and their N-terminal ends can be chemically
modified by methylation, acetylation, and phosphorylation [2]. These
modifications change the chromatin structure, thereby influencing gene
expression | 3=5]. Histone methylation is associated with transcriptional
activation and wactivation, depending on the histone N-terminal
residues involved [6]. Histone acetylation is associated with the
activation of gene expression |7, 8]. while histone phosphorylation
is related to transcriptional activation. Histone modification is a
reversible process catalyzed by enzymes such as methyltransterases.
demethylases. acetyltransferases and deacetyltransferases [9, 10].

During the process of female germ cell differentiation, histone
modification patterns undergo dramatic changes {11-16] that play an
important role in oocyte maturation and oogenesis. In comparison.
the effect of histone modification on the differentiation of male germ
cells remains understudied.

Spermatogenesis is a very unique cell differentiation process, in
that it consists of gene recombination. meiosis and the exchange
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from tustones to protamines. Histone modification patterns during
spermatogenests have been reported to perform specific roles [ 17, 18]
Although the role of histone H3 modifications during spermatogenesis
has been examined [ 19], the functions of the other histone proteins
are unknown. Therefore. our research focused on the histone H4
protein. Histone H4 can be acetvlated at lysine 5. 8. 12 and 16
and methylated at arginine 3 and lysine 20 on its N-terminal tail.
Histone H4 modifications are involved in the regulation of chromatin
structure. protein-protein interactions and transcriptional activity
through the nuclear hormone receptor [20-23]. In this study, we
used immunohistochemical techniques to analyze the modification
of histone H4 during spermatogenesis

Materials and Methods

Animals

We purchased 12-week-old male C57/BL6 mice from SLC
(Shizuoka, Japan). The mice were anesthetized with 2,2, 2-tribro-
moethanol. Their testes were surgically removed, fixed with the
methacarn fixative (methanol:chloroform acetic acid = 6:3:1). treated
with 100% ethanol and xylene, and then embedded in paraffin. The
care and use of all the mice contormed to the Regulations for Animal
Experiments and Related Activities at Tohoku University.

Antibodies

Mouse monoclonal antibodies against histone H4 mono-methylation
(H4me, sc-134221; Santa Cruz Biotechnology, Santa Cruz, CA, USA)
and histone H4 tri-methylation (H4me3, sc-134216; Santa Cruz
Biotechnology) and rabbit polyclonal antibodies against histone H4
lysine 5 acetylation (H4K5ac, sc-34264; Santa Cruz Biotechnology),
histone H4 lysine 8 acetylation (H4K8ac, sc-8661-R: Santa Cruz
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Merged

H4K20me2

Fig. 1. Immunohistochemical analysis of H4K5ac and H4K8ac. The é
signals represent nuclear (A, A", D, D', G, G’, J, I', M, M") E
histone H4 lysine 5 acetylation (H4K5ac) (B. E, H, K, N) and
histone H4 lysine 8 acetylation (H4K8ac) (B, E', H', K’, N)

Stage VIII seminiferous tubules are shown (A— C, A'—C") (G-I,
G’-T"). Stage -V (D-F, D'-F"), stage X (J-L, J’-L") and stage
XIT (M-0. M'-0") seminiferous tubules are shown. The scale bars

represent 50 pm (A, A°, B, B, C, C)and 10 um (F, F', [, I, L, 3
L', 0, O"). P-SPC, pachytene spermatocyte; PL-SPC, preleptotene 5
spermatocyte; L-SPC, leptotene spermatocyte; Z-SPC, zygotene =
spermatocyte: R-SPD. round spermatid; and E-SPD, elongated
spermatid.

Fig. 3.
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Biotechnology), histone H4 lysine 12 acetylation (H4K 1 2ac, sc-
8661-R; Santa Cruz Biotechnology) and histone H4 lysine 20
di-methyvlation (H4K20me2. #97598: Cell Signaling Technology.
Danvers, MA, USA) were used as primary antibodies. Alexa Fluor
488-labeled anti-mouse secondary antibodies (Invitrogen, Life
Technologies, Carlsbad, CA. USA) were used against Hdme and
Hdme3, Alexa Fluor 594-labeled donkey anti-rabbit secondars
antibodies (Invitrogen) were used against H4KSac, H4K Sac, H4K 1 2ac
and H4K20me2.

Immunchistochentistry

Paraftin-embedded sections (10 pm) were mounted on glass shides.
The sections were deparaffimized with xvlene, dehydrated with ethanol
and subsequently incubated with HistoVT One (Nacalai Tesque, Kyoto.
Japan) at 90 C for 30 min to mediate antigen retrieval. The sections
were then washed with distilled water. incubated with Blocking One
(Nacalai Tesque) at 4 C for | h and subsequently incubated with
primary antibodies at 4 C overnight {the primary antibodies were
added to Blocking One (Nacalai Tesque) and phosphate-buffered
saline-mixed liquor (diluted 1:200)]. After incubation. the sections
were mcubated with Alexa Fluor 488-labeled anti-mouse and Alexa
Fluor 594-labeled anti-rabbit secondary antibodies (diluted 1:1000)
at 4 C for 3 h. The nucler were counterstained with Hoechst 33342
(dituted 1:5000: Molecular Probes. Fugene. OR. USA). The stained
tmages were obtained using an LSM-700 confocal laser microscope
(Carl Zeiss: Oberkochen. Germany), and the fluorescent brightness
was analyzed with the ZEN2010 software m conjunction with the
LSM-700 microscope. The stage of cach seminiferous tubule was
determined following the criteria described previously [24].

Comparison of brightness of fluorescence

We used the ZEN-2010 software in conjunction with the LSM-700
microscope and analyzed the mean of fluorescence intensity in the
sperm cells, Fluorescence brightness was classified into 255 levels.
We categorized the intensity levels over 200 as “strong,” those
between 100 and 200 as “moderate.” those below 100 as “weak”
and those that were extra low as “negative.”

Results

Histone H4 lysine 5, § and 12 acetylation (H4K5ac, H4K8ac
and H4K12ac)

H4KS5ac, H4K8ac and H4K12ac showed dynamic changes
during the differentiation of male germ cells (Figs. 1 and 2). In
spermatogonia, the levels of H4K5ac, H4K8ac and H4K 12ac were
moderately intense. In preleptotene and leptotene spermatocytes.

HARSac, H4K8ac and H4K 1 2ac were highly acetylated (Fig. TH,
I T KT Fig 2N R). The immunostaining intensity was similar in
zygotene spermatocytes (Fig. IN, N7 Fig, 2V). The expression of
H4K 5ac. H4K 8ac and H4K 1 2ac gradually decreased in pachytene
spermatocytes (Fig. |E-K. E-K" Fig. 2F-R). However, H4KSac.
HAK 8ac and HAK 1 2ac were highly acetylated during metosis (Fig.
IN, N7 Fig. 2V} In spermatids, H4K5ae, H4K 8ac and H4K 12ac
were detected m only a portion in step 18 spermatids and were
highly acetylated in steps 912 spermatids (Fig. TR, N, K7, N
Fig. 2R, Vi No acetvlation of the histone H4 N-terminal tails was
observed in spermatids after step 13

Histone Ha tri-methylation (H4me3)

H4me3 showed specific exchange during spermatogenesis { Table
). It showed a weald staining intensity in preleptotene and leptotene
spermatoeytes (Fig. 20, §), high intensity staining in zygotene sper-
matocvtes and moderate intensity staining in pachytene spermatocytes
(Fig. 2G, K, O, S). High staining atensity was observed during
metosis (Fig. 2W). In the case of round spermatids, a highly modified
state was observed in only a portion of the spermatids (Fig. 2G. K,
0), and the staining intensity of Hdme3 gradually increased i step
9 to 12 spermatids (Fig. 25, W). However, no stained spermatids
were observed after step 13

Histone H4 lysine 20 di-methylation (H4K20me2)

HAK20me2 varied dynamically during spermatogenesis [25] Tts
staining was moderate 11 spermatogonia, high at the preleptotene
spermatoeyte stage and similar in leptotene and zy gotene spermato-
cytes (Fig. 3N, R, V), A highly modified state was observed in early
pachytene spermatocytes, and this decreased during pachytene stage
(Fig. 3F, 1. N, R). The expression level of H4K20me2 increased
again from diplotene stage to meiotic prophase (Fig. 3V). In round
spermatids, H4K20me2 was detected in only a portion of the sper-
matids and showed a weak intensity by step 9 (Fig. 3F, I, N, R, V).
H4K20me2 was not observed in spermatids by step 13.

Histone H4 mono-methylation (H4me)

Hé4me showed weak expression in spermatogonia. The immunos-
taining intensity of Hdme increased in preleptotene spermatocytes.
was similar in leptotene and zygotene spermatocytes (Fig. 30, S.
W), and decreased in pachvtene spermatocytes (Fig. 3G, K, O, S).
The expression of Hdme increased during metosis (Fig. 3W) and
decreased in round spermatids. However, the staining intensity
gradually increased in spermatids at around step 8 (Fig. 30). This
state was maintained in spermatids until step 12 but was not observed
by step 13.

Fig. 2. Immunohistochemical analysis of H4 tri-methylation and H4 lysine 12 acetylation. The signals represent nuclear (A, E, I, M, Q, U) histone H4
lysine 12 acetylation (H4K12ac) (B, F, J, N, R, V) and histone H4 tri-methylation (H4me3) (C. G. K, O, S, W). Stage VI seminiferous tubules are
shown (A, B, C, D). Stage [ (E. F, G. H), stage V (1, J, K, L), stage VIIL (M, N, O, P), stage X (Q. R, S, T) and stage XII (U, V. W, X) seminiferous
tubules are shown, The scale bars represent 50 um (A, B, C, D) and 10 um (H, L, P, T, X). P-SPC, pachytene spermatocyte; PL-SPC, preleptotene
spermatocyte; L-SPC, leptotene spermatocyte; Z-SPC, zygotene spermatocyte; R-SPD, round spermatid; and E-SPD, elongated spermatid.

Immunohistochemical analysis of histone H4 lysine 20 di-methylation and mono-methylation. The signals represent nuclear (A, E, 1. M, Q, U)

histone H4 lysine 20 di-methylation (H4K20me2) (B, F, I, N, R, V) and histone H4 mono-methylation (H4me) (C, G, K, O, S, W). Stage VIIT
seminiferous tubule is shown (A, B, C. D). A stage I (E, F, G, H), stage V (I, J, K. L), stage VIII (M, N, O, P). stage X (Q. R. S, T) and stage
X (U, V. W, X) seminiferous tubules are shown. The scale bars represent 50 um (A, B, C, Dy and 10 pm (H, L, P, T. X). P-SPC, pachytene
spermatocyte; PL-SPC. preleptotene spermatocyte; L-SPC, leptotene spermatocyte: Z-SPC, zygotene spermatocyte; R-SPD. round spermatid; and

E-SPD, elongated spermatid.
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Table 1.

SHIRAKATA er ul.

Modification pattern of histone H4 during mouse spermatogenesis

Staining intensity

Spermatogonium Spermatocyte Spermatid
A+B  PL L Z Pl PVIII PX Meiosis Steps 1-8  Steps 9-12 Steps 13-16

H4K5ac m 5 S s m m w S W s n
H4K 8ac m 3 N s m m W s W 8 n
H4K12ac m s s 5 m m w s w s n
H4me3 m W w 5 n m m s w m n
H4K20me2 m m N 5 s m w s w w n
H4me w s § s w w w S wn s n

PL. preleptotene spermatocyte: L. leptotene spermatocyte; Z, zygotene spermatocyte; PI, pachytene spermatocyte stage [0
PVIIL pachytene spermatocyte stage VIII; PX. pachytene spermatocyte stage X: s. strong intensity: m. moderate intensity;

w, weak intensity: n, negative,

Discussion

In this study, we demonstrated that modification of the histone
H4 N-terminal tails undergoes dramatic changes in male germ
cells during spermatogenesis. Spermatocyte development consists
of the preleptotene. leptotene, zygotene, pachvtene and diplotene
stages. Each of the spermatocyte stages shows specific patterns of
H4 modification. In preleptotene spermatocytes, the expression of
Hdme, H4K20me2, H4KSac. H4K8ac and H4K 12ac was high, and
that of H4me3 was relatively fow. The patterns of stamning intensity
were simtlar in leptotene and zygotene spermatocytes. DNA and
histone proteins are synthesized in the preleptotene stage [26].
and histone acetylation is usually associated with transcriptionally
active events {7. 8]. Therefore. it is possible that H4 acetvlation
is involved in these events during this phase. In preleptotene and
leptotene spermatocytes, the histone acetylation state was found to
be relatively low compared with that in elongating spermatids [27.
28]. However, since we defined strong intensity as an intensity above
a certain fluorescence brightness level, our results showed that both
spermatocytes and elongating spermatids had strong intensities. The
histone H3 acetylation state in spermatocytes is known to be relatively
high [19]. Additional investigation of the relationship between histone
acetylation and spermatocyte differentiation is necessary.

The expression of H4KSac, H4K8ac, K4K 12ac and H4me decreased
in spermatocytes during the pachytene stage, but H4K20me2 and
H4me3 were in a highly modified state. However, H4K20me2
decreased in staining intensity until the late pachyvtene stage, whereas
H4me3 remained relatively high during the pachytene stage. The
wanscriptional activity is thought to be low in pachytene spermatocytes
[26, 29, 30]. and it may be associated with H4me3.

During meiosis, all the histone H4 N-terminal tails showed
relatively high levels of modification. Since the loss of histone
methyltransterase in mouse spermatogenesis is inhibited during
meiosis [31-33], it is possible that histone modification plays an
important role during the meiotic phase. Histone methylation is associ-
ated with both transcriptional activation and inactivation, depending
on the histone N-terminal residue involved, while acetylation is
associated with transcriptional activation [6. 34]. Both methylation
and acetylation states exist in meiosis. The conflicting patterns of
histone modification observed in many cells such as embryonic

stem cells and spermatogonia may be associated with totipotency
{19, 35]. Since numerous biological events are involved in male
germ cell meiosis, the conflicting histone modification patterns need
further examination.

We found moderate modification of only a portion of the spermatids
from step 1 to step 8. Only H4me increased in expression from
step 1 to step 8. The nuclei were agglutinated gradually in round
spermatids. and then gene expression was generally repressed
These results suggest that low levels of H4 acetylation are perhaps
associated with the round spermatid state

The staining intensity of H4K3ac, H4K8ac. H4K 12ac and H4me
increased in spermatids from steps 9 to 12. However, those of
H4K20me2 and H4me3 were maintained in a lower state. [n particular,
histone H4 acetylation increased dramatically at around step 10 of
the spermatid stage. Histone-to -protamine exchange is known to
take place during this period [36]. Although little is known about
the mechanism ot this exchange, histone acetylation is probably
associated with this event [28. 37]. Histone acetylation may also
contribute to weakening of the binding between DNA and histone
and may be involved in histone-to-protamine exchange. Multiple
modification patterns depending on mono-, di-, and tri-methylation
may also contribute to the histone-to-protamine exchange.

During spermiogenesis, histone proteins are substituted by transition
proteins and then subsequently by protamines. However, a small
amount of histone proteins is retained in spermatids, and chemical
modification of these histones plays an important role in sperm
formation [38]. Nevertheless. the retention of histone H4 modifications
was not observed in our experiments.

Comparison of the modification patterns of histones H3 and H4
showed that the H3 and H4ac patterns were similar; however, the
patterns of H4me3 diftered from those of H3K4me3 and H3K27me3.
Thus. it is possible that H4me3 and H3 play different roles during
murine spermatogenesis [19, 25]

[n this study. we used immunohistochemical methods to show
that specific patterns of histone H4 modification are present during
murine spermatogenesis. These results can provide further insight
into the genetic control (e.g., chromatin remodeling, telomere repair,
meiosis and histone-to-protamine exchange) of spermatogenesis
and shed light on the epigenetic disorders that involve histone H4.
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ABSTRACT

Tau is one of the microtubule-associated proteins and a major component of paired helical
filaments, a hallmark of Alzheimer’s disease. Its expression has also been indicated in the testis.
However, its function and modification in the testis have not been established. Here, we analyzed
the dynamics of phosphorylation patterns during spermatog is. The expr of Tau protein
and its phosphorylation were shown in the mouse testis. Inmunohistochemistry revealed that
the phosphorylation was strongly detected during meiosis. Correspondingly, the expression of acet-
ylated tubulin was inversely weakened during meiosis. These results suggest that phosphorylation
of Tau protein contributes to spermatogenesis, especially in meiosis.

© 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.

Spermatogenesis
Testis
Tau

1. Introduction

The seminiferous epithelium of the mammalian testis possesses
a variety of microtubule networks: an ordered array in Sertoli cells
| 1], the manchette, axonemal microtubules and in mitotic and mei-
otic spindles. These abundant microtubule networks are reflected
by a diversity of microtubule-associated proteins (MAPs). There-
fore, the testis can be a rich source for studies of microtubules
and MAPs.

The tau (tubulin-associated unit) protein was identified in 1975
as a protein with the ability to induce microtubule formation [2,3|.
Normally, tau is associated with microtubules and promotes their
polymerization [ 3] and stabilization [4.5| depending on its phos-
phorylation status. For example, highly phosphorylated tau, which
is observed in the brains of subjects with Alzheimer’s disease (AD),
composes paired helical filaments (PHFs) and barely promotes
microtubule polymerization [6]. In the central nervous system,
alternative splicing of the tau primary transcript generates six

* Corresponding author. Fax: +81 22 717 8686.
E-mail address: kentaro@m.tohoku.ac.jp (K. Tanemura).

ttp://dx.doi.org/10.1016/j.febslet.2014.04.021

isoforms of 352-441 amino acids with an apparent molecular
weight of 48-67 kDa 9. Among the 85 putative phosphoryla-
tion sites on tau, 45 are serines, 35 are threonines and only 5 are
tyrosines | 10-12]. Tau is subdivided into four regions: an acidic
region in the N-terminal part, a proline-rich region, a region
responsible for binding with microtubules (microtubule-binding
domains), and a C-terminal region. Serine phosphorylation at KXGS
motifs, belonging to the microtubule-binding domain, decreases
tau affinity for microtubules and consequently prevents binding
to them [13-15]. Because more phosphorylated tau protein at
Thr181, Ser199 and Thr231, belonging to the proline-rich region,
is contained in the cerebrospinal fluid of brains from people with
AD than in normal brains, it is useful as a biomarker of AD [ 16-15].

Although tau expression in the testis has been indicated [9,19],
its expression and post-translational modification patterns includ-
ing phosphorylation are barely known for this organ. In rat testis,
tau was detected as two major bands with molecular masses of
34 and 37 kDa, and it has been suggested that tau is highly phos-
phorylated [9]. Phosphorylation, as mentioned above, is one of
the most important post-translational modifications. To help eluci-
date the mechanisms of its function, we analyzed the dynamics of

0014-5793/© 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
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tau protein expression and post-translational modification, espe-
cially phosphorylation, during mouse spermatogenesis.

2. Materials and methods
2.1. Animals

Male C57BL/6 mice at 12 weelks of age were used. All mice were
anesthetized with 2, 2, 2-tribromoethanol and perfused with a
physiological salt solution before being used for tissue collection.
Care and use of the mice conformed to the Regulations for Animal
Experiments and Related Activities at Tohoku University.

2.2. Antibodies

Several well-characterized antibodies to phosphorylated tau
were used to investigate the level and phosphorylation states of
tau protein in the testis. These antibody targets included mouse
monoclonal antibody Ms X tau-1 {20] (#MAB3420, Lot:
LV1478875, Chemicon), rabbit polyclonal antibody anti-phosphor-
ylated tau®'9%5202 (p_tay51995202) 1011 (#54963, Lot: HB131, Ana-
Spec) and mouse monoclonal antibodies, AT8 | (#MN1020,
Lot: NG173165, Thermo Fisher Scientific), AT10i (#MN1060,
Lot: NE172687, Thermo Fisher Scientific), AT180 |24 (#MN1040,
Lot: NJ176312, Thermo Fisher Scientific) and AT270 [25]
(#MN1050, Lot: ND169027, Thermo Fisher Scientific). Anti-tau 1
recognizes the non-phosphorylated form of tau at Ser199 and
Ser202. Anti-AT8 recognizes tau phosphorylation at Ser202 and
Thr205. Therefore a mixture of anti-tau 1 and anti-AT8 is used
for detection of total-tau. Anti-AT100 recognizes tau phosphoryla-
tion at Ser212 and Thr214. Anti-AT180 recognizes tau phosphory-
lation at Thr231. AT270 recognizes tau phosphorylation at Thr181.
Anti-ATS8, -AT100, -AT180 and -AT270 recognize PHF-tau. In addi-
tion, an anti-acetylated tubulin mouse monoclonal antibody {26}
(#s¢-23950, Lot: BO711, Santa Cruz), which indicates tubulin sta-
bilization, was used. In Western blot analysis, a horseradish perox-
idase conjugated second antibody (Promega; diluted 1:2000) was
used. In immunohistochemistry, Alexa Flour 488-labeled anti-
mouse secondary antibodies (Invitrogen; diluted 1:1000) were
used against Taul, AT8, AT100 and AT270. Alexa Fluor 488-labeled
anti-rabbit secondary antibodies (Invitrogen; diluted 1:1000) were
used against anti-p-taus'9%52%2 antibodies. Alexa Fluor 568-labeled
anti-mouse secondary antibodies (Invitrogen; diluted 1:1000)
were used against anti-acetylated tubulin antibodies.

2.3. Molecular cloning of testis tau

Total RNA extraction from the testis was performed using an
ISOGEN (Nippon Gene, Tokyo, Japan) and total RNA was stored at
—80 °C until use. Poly (A) RNA was isolated using Poly (A) isolation
Kit from Total RNA (Nippon Gene, Tokyo, Japan). Specific primers
were designed on the basis of the sequences of Tau (forward: cag-
gtcgaagattggetctact, reverse: ctggactctgtecttgaagtee). The samples
were reverse transcribed and cDNA synthesized using Rever Tra
Ace (Nacalai Tesque). We acquired 286 bp partial sequence using
taq DNA polymerase and following consensus primers obtained
from mouse genes to initiate molfecular cloning. For 3'RACE, PCR
was performed using the gene specific primer 5'-gcc agg agg tgg
cca ggt gga ag-3’ and specific adaptor primer (3'-Full RACE core
Set, Takara, Kyoto Japan). For 5'RACE, PCR was performed using
the gene specific primer, 5'-gct cag gtc cac cgg ctt gta gac-3’ and
specific adaptor primer SMARTer RACE cDNA Amplification Kit
(Takara, Kyoto, Japan). DNA sequencing was carried out with using
the BigDye 3.1 reagent (Applied Biosystems, Tokyo, Japan) and
3130 genetic analyzer (Applied Biosystems, Tokyo, Japan).

2.4. Western blot analysis

Mouse testes (n=3) were removed surgically and stored at
—80 °C until use. Tris-Buffered Saline, protease inhibitor and phos-
phatase inhibitor were added to tissues then homogenized, Sample
Buffer Solution with 2-mercaptoethanol (2x) for sodium dodecy!
sulfate polyacrylamide gel electrophoresis (Nacalai Tesque, Kyoto,
Japan) was added to the homogenized sample then sonicated. After
boiling, samples were electrophoresed on polyacrylamide gels and
transferred onto Immobilon-P transfer membranes (Millipore).
These were incubated with Blocking One (Nacalai Tesque) then
incubated with primary antibodies at 4 °C. Bound antibodies were
detected by a horseradish peroxidase conjugated second antibody
(Promega; diluted 1:2000) using an enhanced Chemi-Lumi One
(Nacalai Tesque). Images were obtained with a Fujifilm LAS3000-
mini image analysis system (Fujifilm Life Science, Tokyo, Japan)
and analyzed with built-in software.

2.5. Immunohistochemistry

Mouse testes were removed surgically, fixed with methacarn
(methanol:chloroform:acetic acid =6:3:1) fixative, embedded in
paraffin wax and sectioned. Cross-sections (10 pm) were deparaff-
inized then incubated with HistoVT One (Nacalai Tesque) at 90 °C
for 30 min. After washing, sections were incubated with Blocking
One (Nacalai Tesque) at 4 °C for 1 h then incubated with primary
antibodies at 4 °C overnight. Immunoreactive elements were visu-
alized with Alexa Fluor 488-1abeled anti-rabbit secondary antibod-
ies and Alexa Fluor 568-labeled anti-mouse secondary antibodies
(Invitrogen; diluted 1:1000) by treating at 4 °C for 3 h. Nuclei were
counterstained with Hoechst 33342 (Molecular Probes; diluted
1:5000). Stained images were obtained with an LSM-700 confocal
laser microscope (Carl Zeiss, Oberkochen, Germany) and analyzed
with ZEN-2010 software attached to the LSM-700.

3. Results
3.1. Determination of testis tau cDNA sequences

Analysis of tau cDNA sequence expressed in testis revealed that
the sequence was confirmed with tau isoform-D (uniprot
P10637-5)

3.2. Analysis of expression and phosphorylation pattern in the testis

In the testis, the anti-tau 1 antibody, which recognizes non-
phosphorylation at Ser199 and Ser202, detected one major band
with apparent molecular mass of 37 kDa and one minor band of
55 kDa in mice at 12 weeks of age (Fig. 1A). Anti-AT8, which recog-
nizes phosphorylation at Ser202 and Thr205, detected several clo-
sely spaced bands with molecular masses between 50 and 60 kDa
and two bands with apparent molecular mass of 40 and 37 kDa
(Fig. 1B). Because detection of the antigen using tau 1 and AT8 anti-
body are almost complementary, immunohistochemistry using
anti-tau 1 antibody and anti-AT8 antibody showed that total-tau
protein was detected throughout spermatogenesis (¥ig. 1C-E).

3.3. Dynamic changes in phosphorylation status

Immunohistochemistry using anti-AT8, -AT100 and -AT270
antibodies detected phosphorylated tau protein during spermato-
genesis. Interestingly, spermatocytes during meijosis intensely
stained with AT8, AT100 and AT270 (Fig. 2). AT8 and AT100 were
localized all over spermatocytes except around the nucleus (aster-
isk in Fig. 2A and B). AT270 was detected in whole spermatocytes
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Fig. 1. Western blot analysis of testes from 12-week-old mice (n = 3). Tau protein was detected by antibodies against tau 1 (diluted 1:500) (A) and tau 5 (diluted 1:500) (B).
Tau 1 detected one major band with molecular mass of 37 kDa and one minor band with molecular mass of 55 kDa (A). AT8 detected several closely spaced bands with
molecular masses between 50 and 60 kDa, one major band with apparent molecular mass of 40 kDa and one minor band with apparent molecular mass of 37 kDa (B).

Immunohistochemistry of the adult mouse testis. This section and the section in |

are serial sections each other. Blue signals represent nuclear DNA counterstained with

Hoechst 33342 (diluted 1:5000) (C). Green signals represent total-tau immunostained with anti-tau 1 (diluted 1:20) and anti-AT8 (diluted 1:20) (D). And merged image (E).

Scale bar =100 pm.

AT8 AT100

AT270

Fig. 2. Immunohistochemistry of the adult mouse testis. Images of seminiferous epithelia at stage XII. Zygotene spermatocytes, spermatocytes during meiotic division
(indicated by asterisks) and step 12 elongating spermatids are present. Blue signals represent nuclear DNA counterstained with Hoechst 33342 (diluted 1:5000). Green
signals represent immunostaining with anti-AT8 (diluted 1:50) (A), -AT100 (diluted 1:50) (B) and -AT270 (diluted 1:500) (C) antibodies. Scale bars = 20 pm.

and, in contrast to other antibodies, it was detected intensely at the
nucleus (asterisk in Fig. 2C). P-tau™3' was not detected by anti-
AT180 (data not shown).

In order to investigate the effect of tau phosphorylation on tubu-
lin modification, we performed double staining with the anti-p-
tau®1995202 antibody and anti-acetylated tubulin antibody on serial
sections. P-tau®'9%5202 antibody detected phosphorylated tau pro-
tein during spermatogenesis. P-tau®'995202 was also intensely
stained in spermatocytes during meiosis (Fig. 3). Acetylated tubulin
was almost not detected in spermatocytes during meiosis (Fig. 3).In
order to investigate localization patterns of p-tau®!'®®S2%2 during
spermatogenesis, we classified sections of seminiferous tubules
under five stages, stage I, V, VIII, X and XII. Stage classification
was based on Staging for Laboratory Mouse [27]. P-tau®!99:5202
was detected from spermatogonia to step 8 round spermatids
(Fig. 4). Spermatocytes during meiosis were intensely stained for
p-taus1995292 (arrows in Fig. 4U-X). Conversely, staining with
the anti-acetylated tubulin antibody showed that acetylated
tubulin was expressed in spermatogenic cells from diplotene
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spermatocytes (arrowheads in F'ig. 4Q-T) to step 8 round sperma-
tids (asterisks in Fig. 4E-H), but was not detected in spermatocytes
during meiosis (arrows in Fig. 4U-X). Double staining with the anti-
p-tau®!995292 antibody and anti-acetylated tubulin antibody
revealed that the expression of acetylated tubulin decreased as p-
tau®'9%202 increased. The latter was expressed all over spermato-
cytes except around the nucleus.

4. Discussion

Tau promotes tubulin assembly in vitro [3] and stabilizes
microtubules against depolymerization in vivo [4,5]. An increase
in tau phosphorylation reduces its affinity for microtubules, which
results in neuronal cytoskeleton destabilization [28]. Conversely,
the function of tau protein and its phosphorylation in the testis
have not been characterized although its presence has been sug-
gested [9,19].

Western blot analysis showed tau 1 and AT8 detect some bands
with apparent molecular masses between 37 and 40 kDa in the



