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Immunodetection of Histone Epitopes Correlates
with Early Stages of Apoptosis in Activated
Human Peripheral T Lymphocytes
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By coupling intracelular staining with terminal
deoxynucleotidyl transferase (TdT)-mediated la-
beling ofinternucleosomal DNA strand breaks in
a flow cytometric assay, we observed a strong
correlation between apoptosis-associated DNA
strand breaks and immunoreactivity with the
monoclonal antibody (MAb) B-F6 in activated hu-
man peripheral blood T lymphocytes (PBTs). Al-
though MAb B-F6 has been reported to be specific
for the cytokine interleukin-6, Western blot anal-
ysis of activated PBT lysates revealed that the
predominant protein band detected by this MAb
was 17 kd (pl 7), distinct from the 23-kd core
protein and 26- to 30-kd mature glycosylated
forms of interleukin-6. Immunoaffinity isolation
and amino-terminal amino acid sequence analy-
sis ofpl 7 revealed identity witb the histone H2B,
a finding confirmed by Western blot analysis of
purified histones and by similar staining of acti-
vated PBTs witb an unrelated anti-bistone MAb.
Neither histone staining nor DNA strand break-
age was observed infresbly isolated PBTs; bow-
ever, after T ceU activation, bistone immunore-
activity appeared to precede the appearance of
DNA strand breaks, with both increasing to a
maximal level by day 3 after activation. Two-
parameter confocal immunofluorescence mi-
croscopy ofhistone and DNA staining confirmed
a lack ofbistone immunoreactivity in viable ceUs
and demonstrated co-localization of bistone
epitopes witb abnormaly clumped cbromatin in
apoptotic ceUs. These data indicate that alter-
ation ofhistone epitope accessibility is a marker
ofearly apoptosis and suggest that multiparam-
eter flow cytometric analysis of intracellular

epitopes may be a powerful tool in the elucida-
tion of intracelular mechanisms of apoptosis.
(AmJ Pathol 1996, 149:653-663)

The ability of T lymphocytes to undergo programmed
cell death, or apoptosis, is critical to the overall reg-
ulation of the immune response. In the thymus, ap-
optosis plays a major role in thymocyte selection and
thus directs the development of the T-lineage anti-
gen receptor repertoire.1 In the peripheral immune
system, apoptosis regulates T cell responsiveness to
antigen,23 preventing uncontrolled clonal expansion
and possibly molding the repertoire and function of
the memory subset. Activation-induced apoptosis
can be observed in immature thymocytes, in trans-
formed T cell lines,5 and in peripheral blood T lym-
phocytes.6 Stimuli that induce activation-dependent
apoptosis in peripheral T cells include nonspecific
mitogens, specific antigen triggering through the
CD3 complex, ligation of the T cell receptor with
specific antibody, and superantigens.7-9 Apoptosis
of activated peripheral T cells appears to be trig-
gered by the expression and subsequent interaction
of Fas (CD95) and its ligand,3 resulting in a cascade
of events that at present remain unclear.
A hallmark of apoptosis in T cells and other cell

types is the oligonucleosomal fragmentation of the
genome by activation of endogenous endonucle-
ases.10 The classical method for detecting endonu-
clease digestion of chromatin is through the visual-
ization of the oligonucleosomal ladder by agarose
gel electrophoresis.i1 Recently, a more sensitive
method has been developed to analyze oligonucleo-
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somal fragmentation in apoptotic cells using terminal
deoxynucleotidyl transferase to end-label DNA
strand breaks (the TdT strand break assay).12 Here,
we adapted this assay to multiparameter flow cytom-
etry to simultaneously examine DNA strand breaks,
cell surface protein expression, and accumulation of
intracellular proteins in activated human peripheral
blood T cells (PBTs). During a preliminary study of
apoptosis and intracellular cytokine expression in
activated peripheral T cells, we discovered a corre-
lation between DNA strand breaks and the binding of
the anti-interleukin (IL)-6 monoclonal antibody (MAb)
B-F6. Characterization of the binding of MAb B-F6
indicated that a 17-kd protein (p17) was responsible
for the correlation we observed with apoptotic PBTs.
By immunoaffinity purification and subsequent
amino acid sequencing, we determined that p17 was
histone H2B.

Accumulation of large amounts of histones has
been observed in T cells infected with human immu-
nodeficiency virus (HIV) by day 3 after infection.13 In
this study, crude protein lysates of cells analyzed by
sodium dodecyl sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE) gels showed increasing levels
of extrachromosomal histones, which was proposed
to be due to oligonucleosomal fragmentation of the
chromatin. We report here that flow cytometric im-
munodetection of histone H2B not only correlates
with apoptosis in activated human peripheral T cells
but also appears to be an early marker of this pro-
cess, preceding TdT detection of DNA strand
breaks. Moreover, the techniques presented in this
study provide a sensitive and convenient method by
which to monitor the progressive changes in chro-
matin structure that occur during apoptosis.

Materials and Methods

Preparation of Purified T Lymphocytes and
Cell Culture
Human mononuclear cells from normal adult periph-
eral blood (PBMCs) were isolated by density gradi-
ent centrifugation over Ficoll-Hypaque (Histopaque
1077, Sigma Chemical Co., St. Louis, MO). For most
analyses, T lymphocytes (>95% CD3+) were puri-
fied from PBMCs by using human T cell enrichment
columns (R&D Systems, Minneapolis, MN). Purified T
lymphocytes were cultured in RPMI 1640 (GIBCO
BRL, Gaithersburg, MD) supplemented with 10%
heat-inactivated fetal bovine serum (GIBCO BRL), 2
mmol/L L-glutamine (Sigma), 10 mmol/L hepes (Sig-
ma), 5 x 10-5 2-mercaptoethanol (Sigma), 1 mmol/L

sodium pyruvate (Sigma), and 10 U/ml penicillin
G/10 mg/ml streptomycin (GIBCO BRL). T cells were
stimulated with 20 ng/ml phorbol myristate (PMA;
Sigma) plus 0.75 ,ug/ml ionomycin (Sigma) or 1
,tg/ml phytohemagglutinin (Wellcome Diagnostics,
Greenville, NC) for the times indicated in the text. In
some experiments, T cells were activated through
the T cell receptor by adding PBTs to six-well plates
that had been coated with 10 jig/ml anti-CD3 anti-
body at 40C overnight. The Jurkat T cell line was
obtained from L. Davis at University of Texas South-
western Medical Center and was maintained in cul-
ture in the RPMI medium described above.

For freshly isolated PBMCs, small quantities of
donor blood were obtained and promptly centri-
fuged in Vacutainer cell preparation tubes (Becton
Dickinson Vacutainer Systems, Franklin Lakes, NJ).
After collection of the PBMC fraction, the cells were
immediately processed as described for intracellular
staining.

Antibodies
Fluorescein isothiocyanate (FITC)-conjugated
mouse anti-human Leu 3a (CD4), Leu 2a (CD8), and
Leu 4 (CD3) MAbs and phycoerythrin (PE)-conju-
gated streptavidin were obtained from Becton Dick-
inson Immunocytometry Systems (San Jose, CA).
The non-neutralizing anti-human IL-6 MAb clone
B-F6, the neutralizing anti-human IL-6 clone B-E8,
and anti-human IL-2 MAb clone B-G5 were obtained
from Biosource International (Camarillo, CA). An ad-
ditional anti-human IL-6 MAb (1618-01) was pur-
chased from Genzyme (Cambridge, MA), and a rab-
bit polyclonal anti-human IL-6 IgG preparation
(batch 91-100) was obtained from Intracel (Cam-
bridge, MA). The pan-anti-histone MAb clone Hi 1-4
was purchased from Boehringer Mannheim (India-
napolis, IN), and a control mouse IgGl MAb was
purchased from Sigma. Second-stage reagents
used in this study included a Tri-color (PE-Cy5 tan-
dem reagent)-conjugated goat anti-mouse IgGl
from Caltag Laboratories (So. San Francisco, CA)
and a FITC-conjugated anti-mouse IgG from TAGO
(Burlingame, CA).

Intracellular Staining
Purified T cells were stained for intracellular cyto-
kines as described1415 with modifications. Brefeldin
A (Sigma; 10 jg/ml) was routinely added to the PBT
culture 4 hours before harvesting for kinetics analy-
ses to allow intracellular accumulation of secreted
proteins. PBTs were then fixed and permeabilized for
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10 to 15 minutes with 4% paraformaldehyde (Sigma),
0.1% saponin (Sigma) in Hank's balanced salt solu-
tion containing 10 mmol/L Hepes buffer (pH 7.2).
After washing twice, the cells were incubated with
the anti-cytokine MAb for 30 minutes on ice at con-
centrations of 10 jig/ml for control IgG 1, clone B-F6,
and clone Hi 1-4 and 25 ,tg/ml for clone B-G5. The
cells were washed once and incubated with appro-
priately titrated Tri-Color or FITC-conjugated sec-
ondary antibody for 30 minutes on ice.

Assays for Apoptosis
Apoptosis was detected in T cells by two methods.
After intracellular staining with the anti-cytokine anti-
bodies, the apoptotic population was detected using
the TdT-mediated DNA strand break detection as-
say12 with some modifications. Briefly, the purified T
cells were refixed after the intracellular staining and
washed, and then the reaction mixture containing 10
U of TDT (Boehringer Mannheim), 0.1 mmol/L dithio-
threitol (GIBCO BRL), and 0.5 nmol/L biotinylated
dCTP (GIBCO BRL), 1X buffer (Boehringer Mann-
heim), and 1 mmol/L COC12 was added to the cell
pellet. Control tubes contained reaction mixture with-
out the enzyme. The cells were incubated for 30
minutes at 370C, washed, and then incubated with
PE-conjugated streptavidin for 30 minutes on ice.
After washing, the cells were resuspended in 1%
paraformaldehyde before flow cytometric analysis.
The second method, based on the differential up-

take of the dyes 7-aminoactinomycin D (7-AAD) and
Hoechst 33342,16 was used to sort apoptotic versus
viable cell populations of activated PBTs. Briefly, 106
activated T cells were incubated for 7 minutes at
370C in 1 ml of phosphate-buffered saline (PBS)
containing 1% bovine serum albumin plus 1 ,ug/ml
Hoechst 33342 (Molecular Probes, Eugene OR).
Cells were immediately placed on ice, and 7-AAD
(Molecular Probes) was added at a final concentra-
tion of 1 ,tg/ml. The cells were incubated on ice for
10 minutes and were immediately analyzed or sorted
into apoptotic and viable cell populations on the
FACStar Plus flow cytometer (Becton Dickinson).
Sorted cells were collected and lysed as described
below for Western blot analysis.

Flow Cytometry and Immunofluorescence
Analysis
Five-par eter immunofluorescent analysis was
perfor on a FACScan or a FACSort flow cytom-
eter (Becton Dickinson) using FITC, PE, and Tri-

Color (PE-Cy5 tandem) as the three fluorescent pa-
rameters. Fluorescence-activated cell sorting
(FACS) of viable versus apoptotic T cell populations
was performed on a dual-laser (ultraviolet and
488-nm beams) FACStar Plus flow cytometer. Mul-
tiparameter data files were analyzed with the PAINT-
A-GATEPIus software (Becton Dickinson). All analy-
ses were performed using appropriate scatter gates
to exclude cellular debris and aggregated cells.
Freshly isolated PBMCs were surface stained with
anti-CD3 antibody for identification and gating on
PBTs.

Preparation of Protein Lysates and Western
Blot

Fresh tonsil tissue was obtained through the tissue
acquisition service within the Department of Pathol-
ogy at the University of Texas Southwestern Medical
Center. Samples of tonsil were minced and filtered
through nylon mesh to remove debris before lysing.
For Western blot analysis and protein purification,
lysates of tonsil cells or activated (2 to 3 days of PMA
plus ionomycin) PBTs were made by vortexing 5 x
107 cells/ml lysis buffer containing 1% Nonidet P-40
(Sigma), 50 mmol/L Tris-CI, pH 8,150 mmol/L NaCI,
and the following proteinase inhibitors (Boehringer
Mannheim): 1 ,g/ml aprotinin, 10,g/ml chymostatin,
10 ,tg/ml E64, 0.5 mg/ml EDTA, 2 ,ug/ml leupeptin,
100 jtg/ml Pefabloc SC, and 2 ,ug/ml pepstatin. Ly-
sates were electrophoresed on 15% SDS-polyacryl-
amide reducing gels and electroblotted on to nitro-
cellulose.17 For blots requiring the use of multiple
antibodies for staining, the membranes were placed
in a Miniblotter 25 (Immunetics, Cambridge, MA).
Recombinant IL-6 protein was purchased from Gen-
zyme Corp. (Cambridge, MA) and provided a posi-
tive control for staining with MAb B-F6. For Western
blots of histone proteins, calf thymus histones Hi,
H2A, H2B, H3, and H4 (Boehringer Mannheim) were
run in individual lanes on 15% reducing SDS-PAGE
gels. Ponceau S (Sigma) was used to ensure the
presence of protein before staining with control IgGl
or MAb B-F6. The ECL Western blotting system (Am-
ersham Life Science, Arlington Heights, IL) was used
for visualization of immunoreactive bands at vendor-
suggested concentrations.

Immunoaffinity Protein Purification and
Sequencing Analysis
Protein purification was performed by immunoaffinity
chromatography. Approximately 1 mg of MAb clone
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Figure 1. B-F6-positive PBTs include a largepopulation ofapoptotic cells that is not observed with an anti-IL-2 antibody. Puified PBTs were activated
with PMA plus ionomycinfor 40 hours, and 10 ,uglml Brefeldin A was added to the cultures 4 hours before staining. Cells were stained intracellularlv
with control IgGl, MAb B-F6, or the anti-IL-2 MAb B-G5 followed by Tn-color-conjugated secondary antibody. DNA strand breaks were then
end-labeled with biotinylated nucleotide by TdT, and these labeled strand breaks were visualized with PE-streptavidin. The profiles shown represent
approximately 13, 000 T cells, gated on light scatter signals to exclude debris and cell aggregates. The control profile shows the typical background
staining observed when the TdTassay (with PE-streptavidin staining) isperformed with the TdTenzyme omitted (negative controlfor the TdT assay)
and when an irrelevant isotype-matched MAb is substituted for the BF-6 or B-G5 MAbs.

B-F6 was bound to 1 ml of protein-G-Sepharose
beads (Sigma) and chemically coupled with dimeth-
ylpimelimidate1 7 (Sigma). Tonsil lysates were

passed over the column, and protein was eluted with
0.1 mmol/L glycine, pH 2.5. Eluted fractions were

analyzed for p17 by Western blotting. Fractions con-

taining the protein were pooled and TCA precipi-
tated.

Sequence analysis was performed as de-
scribed.18 The concentrated protein was electropho-
resed, and the p17 band was located by Coomassie
blue staining. Approximately 2 ,ug of protein was

electroblotted to Immobilon-SQ paper (Millipore
Corp., Bedford, MA). The amino-terminal amino acid
sequence was acquired by Edman degradation on a

Model 477A sequencer from Applied Biosystems
(Foster City, CA). Analysis of the amino acids was

performed on a model 420A amino acid analyzer
(Applied Biosystems). The partial amino acid se-

quence was compared with proteins in the Intellige-
netics Database.

Microscopic Analysis ofApoptotic Cells
Activated PBTs were stained as described above for
intracellular proteins with 10 ,Lg/ml control IgGi,
clone B-F6, or clone Hi 1-4. FITC-conjugated goat
anti-mouse IgG was used as the secondary anti-
body. Cells were then treated for 15 minutes with
RNAse (Sigma) at a concentration of 1 mg/ml, and
10 ,tg/ml propidium iodide in PBS was then added.19
Cells were kept in the dark until analysis. Images
were collected on a MRC600 LSCM confocal scan-

ning unit (Bio-Rad, Microscience Division, Cam-
bridge, MA) equipped with a krypton-argon laser
(ion Laser Technology, Salt Lake City, UT) and a

Nikon Optiphot 11 microscope. Images were pre-

pared from collected files using the Macintosh-
based freeware NIH Image v1.58.

Results

Correlation between Apoptosis and B-F6
Staining
During an initial examination of the intracellular pro-

duction of different cytokines in activated T lympho-
cytes by flow cytometry, we observed that the pop-
ulation of T cells staining with the anti-IL-6 MAb clone
B-F6 were predominantly clustered within the light-
scatter region consistent with small, condensed, ap-
optotic cells. As oligonucleosomal DNA fragmenta-
tion is a hallmark of apoptosis, we incorporated the
TdT assay12 into our staining protocol to confirm that
the B-F6-positive activated PBTs were undergoing
apoptosis. After staining the cells with anti-cytokine
antibodies, we then end-labeled DNA strand breaks
with biotinylated nucleotides and fluorochrome-con-
jugated streptavidin. Our results indicated that the
activated PBTs staining positive with clone B-F6 in-
cluded a large population of cells undergoing apo-

ptosis (Figure 1). Note that negative control cells
stained with an irrelevant mouse IgGi and treated
with the TdT reaction mix without the TdT enzyme

and then stained with the streptavidin-PE displayed
no significant staining. The correlation between B-F6
staining and apoptosis was not observed with the
anti-IL-2 clone (Figure 1) or other anti-cytokine anti-
bodies examined (data not shown). PBTs that were

stimulated with PMA plus ionomycin, phytohemag-
glutinin, or anti-CD3 antibody all showed a similar
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Figure 2. Freshly isolated PBTs lack immunoreactivity with B-F6 and
DNA strand breaks. PBMCs were immediately and rapidly isolated
from blood and then simultaneously assessedfor B-F6 reactivity, DNA
strand breaks using the TdTlabeling technique, and CD3 expression to
identify Tcells. Theprofiles shown represent approximately 4000 Tcells
(gated on CD3+ and on light-scatterparameters to exclude debris and
aggregates).

correlation between apoptosis and staining with
clone B-F6. This correlative pattern of staining was
identified in both the CD4+ and CD8+ T cell subsets
(data not shown). As will be addressed in more detail
below, the delineation of apoptotic T cells was
unique to the B-F6 clone; two distinct anti-IL-6 MAbs
were essentially nonreactive with activated PBTs
when examined in parallel (data not shown).

Kinetics ofApoptosis in T Cells
We found that the usual processing time and the
mechanical manipulations required to produce puri-
fied T cells appeared to damage a subset of the cells
and resulted in a background pattern of staining for
both B-F6 staining and DNA strand breaks (particu-
larly the latter) if these stains were immediately per-
formed (not shown). To reduce the presence of this
activation-independent cell damage and determine
whether normal, unstimulated (fresh) circulating T
cells truly stained positively for B-F6 and/or DNA
strand breaks, PBMCs were isolated rapidly from
whole blood and immediately fixed. Intracellular
staining with clone B-F6 (versus IgGl control) and
CD3, followed by the TdT strand break assay, was

4 hr 18 hr 4

(A co 102 102 023

a 101 102 102

then performed. Figure 2 shows that the T cell com-
ponent of freshly isolated PBMCs, identified by CD3
reactivity, had no detectable DNA strand breakage
or B-F6 reactivity.

Kinetics analysis of activation-induced apoptosis
in PBTs (Figure 3) showed that the strong correlation
between B-F6 reactivity and apoptotic (DNA-strand-
break-positive) cells was apparent by 18 hours after
activation with PMA plus ionomycin and continued
throughout the 88-hour time course. At early time
points (eg, 4 hours), a small number of B-F6-/strand-
break-positive cells were observed (again, likely the
result of cells directly damaged during the T cell
purification procedure), but more importantly, at
these early time points, a significant population of
B-F6+/strand-break-negative cells was present in
the absence of B-F6+/strand-break-positive cells.
The presence of B-F6+/strand-break-negative cells
continued after the appearance of B-F6+/strand-
break-positive cells. Collectively, these data strongly
suggest that B-F6 reactivity precedes the appear-
ance of detectable DNA strand breaks during acti-
vation-induced T cell apoptosis and that there is
continuous recruitment of T cell blasts into the apo-
ptotic pathway.

Detection of a 1 7-kd Protein in Apoptotic
PBTs
To characterize the B-F6 reactive protein in apopto-
tic cells, activated PBTs or spent cultures of the
Jurkat T cell line were sorted into apoptotic and
viable cell populations by FACS according to the
differential uptake of two dyes, Hoechst 33342 and
7-AAD.16 In this staining protocol, viable cells show
low uptake of Hoechst 33342 and are impermeable
to the vital dye 7-AAD. Cells in the early stages of
apoptosis show increased uptake of Hoechst 33342
but remain impermeable to the 7-AAD dye, whereas
in later stages of apoptosis the cell membrane loses

101 102 103

Clone B-F6
Figure 3. B-F6 immunoreactivity appears to precede detection of DNA strand breaks during the evolution of activation-induced PBT apoptosis.
Purified PBTs were activated with PMA plus ionomycin for the times indicated and then simultaneously assessedfor B-F6 reactivity and DNA strand
breaks using the TdT labeling technique (as performed in Figure 1). The profiles shown represent approximately 13, 000 cells, gated on light-scatter
parameters to exclude debris and aggregates.
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the ability to exclude 7-AAD and the cells become
Hoechst 33342high and 7-AAD+. Figure 4A shows
the typical sorting scheme used to isolate the apo-
ptotic and viable cell populations. Figure 4, B and C,
shows that a protein band of approximately 17 kd
(p17) was preferentially detected with the B-F6 MAb
in the apoptotic populations of both activated PBTs
and Jurkat cells. Although some p17 was detectable
in Hoechst 33342Iow/7-AAD- PBTs and Jurkat pop-
ulations, p17 immunoreactivity in these viable cells
was always considerably less than in the clearly
apoptotic populations. Note in this figure that,
whereas MAb B-F6 does react with recombinant IL-6
protein, this cytokine is 5 to 6 kd greater than p17.
Specific B-F6-reactive or polyclonal anti-IL-6-reac-
tive bands with a molecular weight consistent with
bona fide IL-6 were either absent or very faint in these
cell lysates. This finding, along with our aforemen-
tioned failure to flow cytometrically detect immuno-
reactivity with two distinct anti-IL-6 MAbs in activated
PBTs, suggests that the BF-6 reactivity observed in
apoptotic T cells by flow cytometry is predominantly,
if not entirely, due to detection of p17.
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Preliminary studies of human tonsils revealed that
this tissue was an abundant source of p17. There-
fore, we isolated p17 from tonsil lysates by immuno-
affinity chromatography with B-F6-coupled Sepha-
rose beads. Figure 5A shows the 17-kd band that
was isolated from the tonsil cells (lanes 2 and 3)
migrated in SDS-PAGE at the same molecular weight
as the p17 observed in PBT lysates (lane 1). After
additional purification of affinity-isolated p17 by SDS-
PAGE, amino-terminal amino acid sequencing was
performed. Comparison of the resultant sequence
with the protein database (Figure 5B) revealed p17
to be identical to histone H2B. Interestingly, align-
ment of the amino acid sequences for histone H2B
and IL-6 revealed five amino acids that were identi-
cal within a 20-amino-acid region (Figure 5C).

Western blot analysis was utilized to confirm the
cross-reactivity of clone B-F6 with histone H2B. His-
tones Hl, H2A, H2B, H3, and H4 from calf thymus
were blotted onto nitrocellulose and stained with
clone B-F6 (Figure 6). As shown in Figure 6, the B-F6
MAb was highly cross-reactive with histone H2B
(perhaps due to the limited amino acid homology
described above), and this histone co-migrated on
SDS-PAGE with the B-F6-defined p17 from activated
PBT lysate.

C. Jurkat T Cells
rlL-6 Apoptotic Viable

4Oq,1RoAlOIro 16R
KD CP4< c9 f crYW

46-

215- 3

Figure 4. B-F6 reacts with a 1 7-kd protein (p1 7) that is preferentially
present in lysates of apoptotic PBTs and Jurkat T cells. PBTs uwere
activated in culture with PMA and ionomycin for 40 hours. Jurkat T
cells were allowed to grow in culture for 5 days without addition of
fresh medium. A: Cells were then sorted into apoptotic (A) and viable
(V) cell populations using the typical staining pattern as shown for
uptake of Hoechst 3-3342 and 7-AAD. Sorted cells were collected and
lysedfor Western blot analysis at a concentration of 5 x 167 cells/ml
Iysis buffer, and equivalent amounts of lysate uere electrophoresed on
15% SDS-PAGE gels. Recombinant IL-6 was also run on the gels as a
positive control. After transfer to nitrocellulose, the blots were placed
into a Miniblotter 25 apparatus and 50 jig/ml control IgGl and MAb
B-F6 were applied to individual lanes as indicated. Visualization of
staining was achieved using the Amersham chemiluminescence kit. B:
Apoptotic and viable PBTs. C: Apoptotic and viable.jurkat T cells.
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Figure 5. The amino-terminal amino acid sequence ofpurified pl 7 is identical to histone H2B. Tonsil cell lysates were made at a concentration of
5 x 1ic cells/ml lysis buffer andpassed over a column containing MAb B-F6 chemically coupled to protein-GSepharose. Fractions were eluted with
0.1 mmol/L glycine, pH 2.5, and analyzedfor thepresence ofpl 7 by Western blot. The appropriatefractions werepooled and TCA precipitated, and
then pl 7 wasfuther purified by SDS-PAGE before amino-terminal amino acid sequencing. A: Activated PBT lysate (lane 1), tonsil lysate (lane 2),
and affinity-purified pl 7(lane 3) were electrophoresed on 15% SDS-PAGE gels, blotted, and stained with MAb B-F6 to indicate that the 1 7-kd band
migrates at a similar molecular weight in all three preparations. B: The amino-terminal amino acid sequence ofpl 7 was compared with protein
sequences using the Intelligenetics database software and was determined to be identical to the amino terminus ofhistone H2B. C: Histone H2B and
IL-6protein sequences were aligned to determine possible common epitopes by using the GCG Wisconsin database software.

Detection of Histone Protein in Apoptotic
PBTs
To further demonstrate that immunodetection of his-
tone epitopes correlates with the onset of apoptosis,
intracellular staining with a distinct pan-anti-histone
MAb Hi 1-4 was assessed in conjunction with DNA
strand break analysis. As shown in Figure 7, un-
stimulated PBTs do not stain for either the Hi 1-4-
defined histone proteins or DNA strand breaks. How-
ever, activated PBTs demonstrated a similar

Hi H2B MHA4 H3

. 4J4 *

21P5- CC cC C

SM.

21.5- g 11 _ iE g;
*_51tllt_| E W[ f~~~~~~~~~~~~~~~~~~~A

14.3- |Sow - ^

Figure 6. Antibody B-F6shows strong cross-reactivity with histone H2B
but not other histoneproteins. Calfthymus histones Hi, H2A, H2B, H3,
and H4 were electrophoresed on 15% SDS-PAGE gels, blotted, and
stained with control IgGl orMAb B-F6. BF-6 reactivity with activated
PBT lysate was includedfor comparative purposes. Note the co-migra-
tion ofpl 7and histone H2B in the SDS-PAGEgels. Ponceau S staining
was performed before staining with antibody to ensure thepresence of
the histone proteins on the blots.

correlation between DNA stand breaks and H11-4
immunoreactivity as was previously observed with
clone B--F6.

Cellular Localization of Protein

To determine the distribution of histone proteins with
respect to the DNA in apoptotic cells, activated PBTs
were stained intracellularly with either clone B-F6 or
clone Hi 1-4 followed by the addition of the DNA
intercalating dye propidium iodide. As represented
in Figure 8, non-apoptotic PBTs, identified by their
diffuse pattern of DNA staining, did not show appre-
ciable amounts of staining with either clone B-F6 or
clone Hi 1-4. In contrast, apoptotic cells, identified
by their characteristic chromatin clumping and mar-
gination along the nuclear membrane or nuclear
condensation and blebbing, stained positively with
both clone B-F6 and Hi 1-4. The positive staining for
histone proteins with either antibody typically co-
localized with the characteristically clumped chro-
matin in the apoptotic cells.

Discussion
Histone proteins are integral components of chroma-
tin structure that serve to organize nuclear DNA into
nucleosomal subunits.20 Each nucleosome consists
of DNA wrapped around a core histone octamer
containing two molecules each of histone H2A, H2B,



660 Zunino et al
AJP August 1996, Vol. 149, No. 2

Freshly Isolatd PBTs

3F~
10111
101

*or_I

10 1 102 10 3
Clone HI 1-4
(anti-histone)

Activated PBTs

I

liii
101 102 103
Control IgG

Figure 7. Immunodetection ofthepan-histone epitope defined byMAb HJl 4 also correlates with activation-induced apoptosis. Rapidly isolatedfresh
PBMCs and 40-hour phytohemagglutinin-activated PBMCs were simultaneously assessed for H1-4 reactivity, DNA strand breaks using the TdT
labeling technique, and CD3 expression to identify T cells. PBMCs (20,000 events) were collected, and the profiles shown represent approximately
13,000 T cells (gated on CD3+ and on light-scatterparameters to exclude debris and aggregates).

H3, and H4. Histone Hi associates with the linker
DNA that interconnects neighboring nucleosomes
and further condenses chromatin by interacting with
histone proteins within the nucleosomal core.21'22

Although apoptosis has been reported to result in
marked morphological changes in chromatin orga-

nization, including condensation and eventual frag-
mentation of the nuclear DNA, 10,23,24 few data are

available on the specific role of histones in this pro-

cess. Here, using flow cytometric analysis of acti-
vated PBTs, we have found a striking correlation
between immunodetection of histone H2B protein
and apoptosis. Histone H2B immunoreactivity and
DNA fragmentation were not detectable in freshly
isolated PBTs, but upon activation with PMA plus
ionomycin, phytohemagglutinin, or anti-CD3 anti-
body, these cells displayed a common pattern of

Pi mAb B-F6

double staining for histone H2B and DNA stand
breaks. Indeed, kinetic analyses and the pattern of
staining (ie, the ubiquitous presence of a small
H2B+/stand-break-negative population) strongly
suggested that histone immunoreactivy develops
during the early stages of activation-induced apo-

ptosis, before the presence of detectable DNA
strand breaks. Western blot analysis and confocal
fluorescence microscopy of apoptotic and viable
cells provided additional evidence for an association
between histone immunoreactivity and T cell apopto-
sis, with the latter technique also demonstrating that
histone immunoreactivity typically corresponded to
the area of condensed chromatin in apoptotic cells.

Taken together, these data strongly suggest that
the detection of histone H2B protein occurs as a

result of early changes in the chromatin structure of

Pi mAb H11-4

VIABLE

APOPTOTIC

Figure 8. Confocal microscopy indicates that detection of histone protein co-localizes with the condensed chromatin in apoptotic PBTs but is not
detectable in normal non-apoptotic Tcells with diffuse DNA. The 40-hourPMA plus ionomycin-activated PBTs werefirst stained with eitherMAb B-F6
or Hl1- 4followed by FITC-conjugated secondary antibody. Cells were then stained with propidium iodide in thepresence ofRNAse A: Representative
dual-excitation images were collected on a Bio-Rad confocal microscope at afinal magnification ofX 2000. Cells stained with either an anti-histone
MAb/FITC-second stage orpropidium iodide alone showed no significant cross-over offluorescence between the FITC andpropidium iodide channels.
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apoptotic T cells before substantial cleavage of DNA
and that these changes allow accessibility to other-
wise hidden epitopes on the histone H2B protein. As
we observed a correlation between apoptosis and
the immunodetection of two distinct histone
epitopes, we believe that our results are consistent
with either a significant alteration in histone H2B
structure and/or its relationship with adjacent his-
tones, DNA, or other nuclear proteins. However, we
cannot determine from our data alone whether the
correlation between early apoptosis and histone im-
munoreactivity extends to all core histones or just
histone H2B. The apoptosis-associated reactivity
that we observed with the Hi 1-4 pan-histone-reac-
tive MAb may reflect either a specific change in H2B
epitope display with the other histones remaining
immunochemically silent or involvement of all core
histones. Our results also suggest that these apo-
ptosis-associated changes in histone immunoreac-
tivity correlate with an increase in extractability of
histone proteins by conventional (low ionic strength)
lysis buffers. Laurent-Crawford et al13 have also cor-
related the appearance of histones in total cellular
extracts of HIV-infected T cells with apoptosis. In
their study, all histone types were found to have
increased extractability, suggesting that changes in
chromatin structure during apoptosis may also in-
clude the non-H2B histones as well.
As mentioned above, our data suggest that his-

tone immunoreactivity is an early event in apoptosis
that precedes the oligonucleosomal DNA cleavage
detected by the TDT reaction. We therefore believe
that the apoptosis-associated change in histone
epitope accessibility that we observed is not simply
a by-product of a nonspecific opening of nucleoso-
mal structure due to extensive DNA cleavage. It
should be noted that recent data suggest that oligo-
nucleosomal cleavage of DNA is a mid-to-late event
in apoptosis and that the formation of high molecular
weight fragments of approximately 700, 300, and 50
kbp correlates better with the early chromatin alter-
ations visible in pre-apoptotic cells.25'26 As the de-
tection of these early DNA cuts by the TdT assay is
uncertain, the temporal and functional relationship
between high molecular weight DNA cleavage and
changes in histone structure remain to be eluci-
dated.

Western blot analysis of PBTs sorted into apopto-
tic and viable cell populations revealed a greater
abundance of extractable histone H2B (p17) in the
apoptotic cells. However, we also detected lesser
amounts of extractable histone H2B in the lysates of
the viable T cell population. The detection of histone
H2B in these Hoechst 33342o0w/7-AAD- T cell ly-

sates was consistent with our flow cytometric studies
in which we observed that a small population of
B-F6+/DNA-strand-negative cells was invariably
present. As the delineation of viable and early apo-
ptotic cells by the Hoechstl7-AAD staining proto-
col16 relies on a poorly characterized change in the
cellular uptake of the Hoechst 33342 dyes, it is pos-
sible that the so-called viable cell populations de-
fined by the Hoechst 3334210w phenotype actually
contain early apoptotic cells that would have altered
(antibody-accessible and low-salt-extractable) his-
tone H2B.

The changes in chromatin organization that would
allow increased MAb accessibility to histone H2B
epitopes may be due to specific post-translational
modifications and/or proteolytic cleavage of the his-
tone proteins themselves. In this regard, an in-
creased accessibility of the core nucleosomal his-
tones H3, H4, and H2B to monoclonal and polyclonal
anti-histone antibodies has been observed after
poly(ADP-ribosyl)ation of histone Hi as well as other
histone proteins.27 Poly(ADP-ribosyl)ation of histone
proteins is mediated by poly(ADP-ribose) polymer-
ase and is induced by DNA damage as part of the
DNA repair process.22'28-30 This catalytic mecha-
nism may be operative early in apoptosis as well,
possibly accounting for our observation of histone
neoepitope display early in this process. Interest-
ingly, in a number of systems,31 3 poly(ADP-ribose)
polymerase activity has been shown to diminish dur-
ing the apoptosis process (coincident with the ap-
pearance of nucleosomal DNA fragments31) due to
proteolytic cleavage by interleukin-1, converting en-
zyme-like proteases, suggesting that the potential
contribution by poly(ADP-ribose) polymerase to ap-
optosis-associated chromatin alterations are likely
confined to early time points.
The role of proteases in apoptosis has been

shown not only by the cleavage of poly(ADP-ribose)
polymerase but also by cleavage of other nuclear
proteins.3435 Although we did not detect specific
cleavage of H2B by Western blot analysis, it is pos-
sible that limited proteolysis (below detectability by
SDS-PAGE/Western blot) may play a role in the ap-
optosis-associated changes in histone epitope dis-
play identified in this report. In this regard, proteo-
lytic removal of the amino-terminal domains of core
histone proteins has been implicated in the conden-
sation of chromatin during development.36
The results presented here clearly define the im-

munodectection of histone epitopes as an excellent
early marker of apoptotic T cells. Coupling this im-
munodetection with multiparameter flow cytometry
offers the opportunity to correlate changes in histone
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epitope display not only with DNA strand breakage
as shown here but also with any number of other
MAb-defined or fluorescent-dye-defined changes in
cell surface, intracytoplasmic, and/or intranuclear
structures that may occur during apoptosis (exclud-
ing only detection of those events that require an
intact, viable cell throughout the staining and acqui-
sition protocol). Such analyses may provide new
insights into changes in chromatin structure that oc-
cur in the cell undergoing apoptosis as well as define
the temporal relationship of these changes with cy-
toplasmic and cell surface events. Moreover, the
correlated analysis of histone reactivity and conven-
tional T cell subset-defining markers (eg, CD4/CD8,
CD45RA/RO, and CD27) by multiparameter flow cy-
tometry will allow the subset-specific assessment of
apoptosis in complex cellular preparations. The early
onset of changes in histone epitope display during T
cell apoptosis may be a particular advantage in such
analyses as it clearly precedes the general degra-
dation of immunofluorescent staining that accompa-
nies later stages of apoptosis (or other forms of cell
death). Such an approach, for example, may allow
earlier detection of apoptosis in HIV-infected lym-
phocytes and aid in the precise determination of
which T cell subsets are most susceptible to this
process.
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