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Background: Previous studies of intracellular expression
of phospho-epitopes in human leukocytes using flow cyto-
metry have used erythrocyte removal or lysis before fixation.
Because many of the phospho-epitopes of interest are part
of signaling networks that respond to the environment and
turn over rapidly, the interval and manipulations used to
eliminate erythrocytes from samples have the potential to
introduce artifacts. We report a procedure to fix samples
containing red blood cells with formaldehyde and then
remove erythrocytes by lysis. Detection of phospho-Thr
202/Tyr 204-p44/42 extracellular-regulated kinase (ERK)
after phorbol ester acetate (PMA) stimulation was used as
a model to measure phospho-epitopes in leukocyte popu-
lations in whole blood.

Methods: Normal blood samples were activated with
PMA followed by formaldehyde fixation and subsequent
treatments with detergents and protein denaturants. The
effects of each treatment were monitored by light scatter,
selected CD expression intensity, and phosphorylated
ERK (pERK) expression.

Results: Red cells could be lysed using 0.1% Triton X-100
after brief fixation of whole blood with 2% or 4% formalde-
hyde. Light scatter improved as a function of formaldehyde
concentration and inversely with MeOH concentration.
CD3 signal intensity increased when MeOH concentration
was reduced. The ratio of pERK immunofluorescence in
PMA-stimulated versus nonstimulated (control) samples was
highest with high MeOH (90%) and lowest without MeOH
treatment. This pattern is consistent with epitope unmask-

ing by alcohol. The pERK epitope could also be unmasked
by treatment with high salt, urea, acid, or heat, but none of
these produced the level of unmasking of MeOH and each
of these was associated with degradation of light scatter and
CD3 staining intensity. The final procedure employed 4%
formaldehyde, 0.1% Triton X-100, followed by 50% metha-
nol denaturation. Samples prepared in this way demon-
strated good preservation of light scatter and surface immu-
nophenotypic patterns, similar to those obtained using a
commercial whole blood/red blood cell lysing system (Q-
Prep) and an acceptable PMA-stimulated pERK signal (essen-
tially 100% of CD3 " cells that are pERK positive).
Conclusions: Brief fixation of whole blood in 4% formal-
dehyde followed by treatment with Triton X-100 results in
erythrocyte lysis and leukocyte light scatter and immuno-
phenotypic features equivalent to those of other commer-
cial lysis reagents. Intracellular pERK staining is signifi-
cantly improved by treatment with methanol, but levels of
MeOH above 50% degrade light scatter and CD3 expression.
This protocol (formaldehyde/Triton X-100/MeOH) circum-
vents potential artifactual changes in phospho-epitopes
due to removal of erythrocytes or erythrocyte lysis followed
by fixation, and results in a pERK signal that resolves posi-
tive from negative cell populations. © 2005 Wiley-Liss, Inc.

Key terms: signal transduction; phosphospecific anti-
body; flow cytometry; Fisher distance; light scatter; cell
surface markers

Cytometry is a well-developed technology for the char-
acterization of hematologic malignancies based on corre-
lated measurement of multiple surface immunophenoty-
pic markers and, less frequently, internal lineage related
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antigens. Most of these antigens are long-lived with low
turnover and are relatively unaffected by sample prepara-
tion. Thus, different anticoagulants, overnight storage and
shipment, whole blood staining, and several erythrocyte
lysis techniques result in reproducible, convenient, and
flexible assays. Recently, interest has been stimulated in
potentially less robust assays of cell signaling components
based on the relatively recent availability of phosphoryla-
tion state-specific antibodies (1-6). Because of the quanti-
tative and correlative natures of cytometry, this represents
a novel and potentially powerful approach to classification
of hematologic malignancies including the selection of
patients for molecular targeted therapies and monitoring
drug effects in individual patients (1,6-8).

Analysis of signal transduction pathways by flow cyto-
metry presents technical problems that are not currently
encountered in routine clinical applications (1-5). The
phosphorylation states of individual signaling elements
change rapidly in response to stimuli and therefore may
be subject to changes due to sample collection, storage,
preparation, and staining that may obscure the signaling
state of the condition under study. In a previous publica-
tion (1) we used flow cytometry to detect stimulated
changes in phosphorylated extracellular-regulated kinase
(pERK) that were correlated with western blot analysis.
This measurement has been viewed as a surrogate marker
for signals originating upstream and traveling through
ERK, as an integrating node in studies of drugs that target
upstream signaling pathways. However, because the origi-
nal protocol employed hypotonic lysis before fixation,
which could potentially underestimate pharmacodynamic
effects due to drug dissociation and reversal of the effect
on signaling before fixation, we explored the possibility of
immediate fixation followed by erythrocyte lysis or removal.

A second issue with the original procedure was loss of
light scatter information due the second step, treatment
with 90% MeOH, which was necessary to unmask the
PERK epitope. Each of these problems was addressed by
increasing the formaldehyde concentration and decreas-
ing the MeOH concentration. We report an improved
technique that employs immediate formaldehyde fixation
to stop cellular processes followed by erythrocyte lysis fol-
lowed by denaturation with MeOH. This procedure results
in a detectable and acceptable pERK signal, preserves
light scatter better than the original protocol, and results
in better preservation of cell surface epitopes. Although
we report results for ERK phosphorylation, we have since
detected robust and specific signals for phospho-S473-
AKT, phospho-5235/236-S6 ribosomal protein, and pERK
simultaneously by using this protocol (manuscript in pre-
paration). Therefore, we believe that this procedure will
be more widely applicable to the study of phospho-epi-
tope expression in whole blood samples.

MATERIALS AND METHODS
Sample Acquisition

Whole blood samples were obtained from normal
donors (ages 26 to 63 years) according to institutionally

approved protocols. Whole blood was collected into Vacu-
tainer tubes (BD Vacutainer Systems, Franklin Lakes, NJ,
USA) that contained ethylenediaminetetraacetic acid and
used within 24 h of venipuncture. In some cases, com-
plete blood cell count (CBC) values for samples were
obtained using a Coulter LH-750 analyzer (Beckman Coul-
ter, Inc., Miami, FL, USA).

Reagents and Solutions

Phorbol myristate acetate (PMA; Sigma Chemical Corp.,
St. Louis, MO, USA) was prepared as a 40-.M working solu-
tion in 100% anhydrous ethanol. EM-grade, methanol-free
formaldehyde was purchased as a 10% solution from Poly-
sciences (Warrington, PA, USA). Formaldehyde was stored
at room temperature in the dark and used within 6 months
of purchase. Non-ionic detergents were purchased from
Pierce Biotechnology (Rockford, IL, USA). These included
10% aqueous solution of Triton X-100, Triton X-114,
Tween-20, Tween-80, Nonidet P-40, Brij-35, and Brij-58
and powders octyl-B-glucoside, octyl-B-thioglucopyarano-
side, and CHAPS (3-[3-cholamidopropyDdimethylammo-
nio]-1-propanesulfonate). Powdered detergents were dis-
solved in phosphate buffered saline (PBS) to make 10%
stock solutions. All detergents were diluted with PBS
immediately before use. PBS was free of calcium and mag-
nesium. Wash buffer consisted of PBS with 4% fetal bovine
serum (FBS) or 2% bovine serum albumin (Sigma Chemical
Corp.). Freezing medium consisted of 10% glycerol and
20% FBS in RPMI 1640 and was kept at —20°C.

Cell Fixation, Red Blood Cell Lysis, and
Permeabilization

Method A. One hundred microliters of blood was sti-
mulated with 400 nM PMA for 10 min at 37°C, and then
erythrocytes were lysed by addition of 2 ml deionized
water for 30 s, followed immediately by the addition of
222 pl 10X PBS as previously described (1). Samples were
centrifuged (18,000g for 3 min) and resuspended in 100 wl
2% formaldehyde in PBS for 10 min at room temperature.
Samples were subsequently permeabilized by the addition
of 1 ml 100% methanol (stored at —20°C). This method has
been used previously to measure phospho-ERK1/2 (pERK)
expression in PMA-stimulated lymphocytes (1).

Method A." To decrease the amount of time between
hypotonic lysis and fixation, a variation was introduced
into method A. Concentrated formaldehyde solution (10%)
was added directly to the sample to obtain a 2% or 4% final
concentration for 30 s, followed by the addition of deio-
nized water, with subsequent return to isotonicity using
10X PBS. The sample was then incubated for 10 min at
room temperature before centrifugation (18,000g) and
subsequent treatment with 1 ml 100% methanol.

Formaldehyde-Triton X-100-Methanol: (F/TX/MeOH).
This is the final version of an improved method reported
here. Sixty-five microliters of 10% formaldehyde was added
to 100 pl blood (final concentration 4%) and incubated
for 10 min at room temperature, followed by the addition
of 1 ml Triton X-100 (diluted in PBS) to obtain 0.1% final
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concentration. After 30 min of incubation at room tem-
perature, 1 ml cold wash buffer was added. Samples were
centrifuged, resuspended in 1 ml 50% MeOH diluted in PBS
(stock stored at —20°C), and incubated at 4°C for a mini-
mum of 10 min before further processing.

Antibodies

A monoclonal antibody to the activation state epitopes,
phospho-Thr 202/Tyr 204, on ERK1/2 (p44/42 MAPK)
was kindly provided by Dr. Bradley Smith (clone E10, Cell
Signaling Technologies, Beverly, MA, USA). The antibody
was conjugated with Alexa Fluor 488 (A488, Molecular
Probes, Eugene, OR, USA) according to the manufacturer’s
directions. Conjugated anti-pERK had a dye-to-protein
ratio between 4.3 and 6.3 and was used at 0.2 ng/10° cells
in 100 wl, which was at the signal to noise optimum deter-
mined by titration. Surface markers CD3-phycoerythrin
(PE; clone UCHT-1), CD45-PE (clone J.33), CD19-PE (clone
J4.119), CD13-PE (clone SJ/D1), CD14-PE (clone RMD52),
CD33-PE (clone D3HL60.251), and anti-tubulin-fluorescein
isothiocyanate (clone TB1A337.7) were obtained from
Beckman Coulter, Inc.

Immunofluorescence Staining

Surface staining with CD markers was performed for
100 wl whole blood samples using three different prepara-
tion techniques (Q-Prep, F/TX, and F/TX/MeOH); Q-Prep
was used according to the manufacturer’s recommended
protocol that was provided in the product insert (Beck-
man Coulter, Inc.). Q-Prep (which lyses red blood cells
[RBCs] with dilute formic acid, returns the solution to
neutral pH, and then fixes the remaining cells with 0.1%
paraformaldehyde, final concentration) was used as a
representative whole blood preparative technique that
would allow subsequent analysis of intracellular phospho-
epitopes without significantly altering cell surface CDs or
light scatter profiles of white blood cell (WBC) popula-
tions. Antibody incubations were done for 30 min at room
temperature, followed by two washes with 2 ml wash buf-
fer (645g for 4 min). Final pellets were resuspended in
1 ml wash buffer.

For intracellular staining, fixed and permeabilized cells
(without or with methanol treatment, F/TX or F/TX/
MeOH, respectively) were washed once (1,000g for
3 min) with 2 ml cold wash buffer. Antibodies were added
to cell pellets (100 pl final volume) and incubated at room
temperature for 15 to 30 min. Stained samples were then
resuspended in 2 ml wash buffer, filtered through 35-pum
nylon mesh, centrifuged at 1,000g, and resuspended in
150 to 300 wl wash buffer.

Flow Cytometry

For experiments measuring changes in phospho-specific
epitopes, flow cytometric measurements were performed
with an Epics Elite flow cytometer (Beckman Coulter, Inc.)
using 20-mW 488-nm illumination. Fluorescein isothiocya-
nate or Alexa Fluor 488 fluorescence was collected through
a 525 * 10-nm bandpass filter, and PE was collected through

a 575 = 20-nm bandpass filter. Two thousand to 10,000 posi-
tive events (generally CD3 positive) were acquired and saved
as listmode files. Data analysis was performed with Elite soft-
ware to calculate mean fluorescence intensity (MFI) and per-
centage of positive events.

In experiments comparing the relative resolution (Fi-
sher distances, see below) of lymphocytes, monocytes,
and granulocytes using forward angle light scatter (FS)
and side scatter (SS) measurements and measurements of
the relative fluorescence intensity of selected surface mar-
kers in whole blood samples prepared using the three dif-
ferent techniques (Q-Prep, F/TX, and F/TX/MeOH), an FC-
500 flow cytometer (Beckman Coulter, Inc.) was used in
the standard configuration provided by the manufacturer.
Ilumination was 488 nm. Data acquisition was gated on
FS versus SS and 45,000 cells were collected. For samples
prepared using F/TX or F/TX/MeOH, identical settings for
gain and high voltage were used for FS and SS detectors.
For samples prepared using Q-Prep, a lower voltage (3.3
times) was used for both scatter detectors to enable reso-
lution of the three leukocyte populations.

Data Analyses

Fisher distances. As illustrated in Figure 1, to deter-
mine the effect of different fixation/permeabilization pro-
tocols on the ability to identify and quantify major leuko-
cyte populations (lymphocytes, monocytes, and granulo-
cytes), we calculated Fisher distances between the
leukocyte clusters defined by FS and right angle SS (9).
The calculation was performed with the following
equation:

1023

L] [l [] ] [ [ [l [ [ 1023

SS

Fic. 1. Method used to calculate Fisher distances. Histograms of FS ver-
sus SS were used to measure the distance between lymphocyte (A),
monocyte (B), and granulocyte (C) populations. The distance between
the centers of two populations (such as lymphocytes and monocytes,
shown here) was determined for X and Y axes as the hypotenuse complet-
ing the right triangle. The Fisher distance represents the measured dis-
tance divided by the sum of the standard deviations of the two popula-
tions. This sample was prepared using Q-Prep.
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r (distance) = VX2 + Y? (1)
where X represents SS and Y represents FS, and

Fisher Distance = (2)

SDsSDg

where SD, represents the average of standard deviations
of FS and SS distributions for population 7 and 7 represents
A or B. In Figure 1, the calculation of r is illustrated where
population A represents the lymphocyte cluster and popu-
lation B represents the monocyte cluster. The distribution
centers were calculations of the mean. Means and stan-
dard deviations were obtained from instrument software
after gating each cluster subjectively.

Leukocyte quantification. Lymphocyte, monocyte,
and granulocyte enumerations were obtained by flow
cytometry by using FS and SS gates to calculate fractional
values. These values were multiplied by the WBC count.

Precision. To assess protocol-related reproducibility,
means, standard deviations, and coefficients of variation
were calculated on replicates for subpopulations identi-
fied with lineage-specific surface markers.

Method comparisons. Methods were compared by
Fisher distances, CBC parameters, and MFIs of surface mar-
kers. Analysis of variance and Tukey-Kramer statistical tests
were used to compare Fisher distances between different
sample preparation methods. Agreement between methods
for each surface marker using MFI and CBC was evaluated
with Bland-Altman plots (10). Methods agree with each
other when there are no significant differences between
them. The “true” differences between two methods are
referred to as total bias. These biases may be coming from
different sources (11,12). Total bias is not equal to the
observed differences between methods because the latter
contains an error term that is mainly associated with the
imprecision but is not related to biases. We estimated total
bias from the data and plotted these estimates instead of the
observed differences between two methods as originally
described by Bland and Altman (10). The estimates of total
bias were obtained from the statistical model, D = TB + E,
where D is the observed difference between two methods
for each sample, TB is the total bias, and E is a random error
that is mainly associated with the imprecision of a measure-
ment. Details on the estimation of TB can be found in
Magari (13). Tolerance limits for 95% confidence and 99%
coverage were calculated based on the estimates of standard
error. SAS analysis software (SAS Institute, Cary, NC, USA)
was used for all statistical analyses.

RESULTS

Figure 2 shows that fixation by adding formaldehyde
directly to whole blood followed by a wash with detergent
(lower panels) resulted in efficient erythrocyte lysis and
equivalent detection of tubulin but insufficient detection
of pERK when compared with the original method by
Chow et al. (1) (Method A). This effect, noted before for
other antigens, is a hallmark of epitope masking that can

be unmasked by protein denaturing treatment (14-16).
However, denaturing with 90% MeOH (Method A)
resulted in reduced CD3 staining intensity and an altera-
tion of the percentage CD3-positive events (Fig. 2 and data
not shown). Further, comparison of denaturing and non-
denaturing conditions (Fig. 2) illustrated that right-angle
light scatter was compromised by 90% MeOH. This has
been noted previously (16) and repeated in this study
comparing Method A with commercial immunophenotyp-
ing preparations using Q-Prep and IntraPrep (data not
shown.).

Effect of Detergents on RBC Lysis

Several detergents have been reported to affect detec-
tion of surface and internal antigens of blood cells; see
references in Jacobberger (16,17). Therefore, we investi-
gated the impact of different detergents and detergent
concentrations on RBC lysis and on WBC resolution using
light scatter. We tested 10 non-ionic or zwitterionic deter-
gents. Some of these have been variously described as
more or less “gentle” in the literature. Only three of the
detergents, TX-100, NP-40, and Brij-58, showed significant
RBC lysis after 2% formaldehyde fixation for 10 min at
room temperature. These detergents had a deleterious
effect on WBC light scatter at detergent concentrations
above 0.2%, whereas concentrations below 0.1% resulted
in incomplete RBC lysis. Thirty minutes of incubation at
room temperature with 0.1% detergent was optimal (data
not shown).

Formaldehyde Concentration and
Incubation Temperature

We examined the effects on RBC lysis and light scatter
by testing formaldehyde concentrations of 2%, 4%, 6%,
and 8% at room temperature and at 37°C for 10 min. We
found that 2% or 4% formaldehyde treatment at room tem-
perature allowed lysis of RBCs, whereas fixation at 37°C
resulted in cell clumping and incomplete RBC lysis. Light
scatter patterns also improved as a function of formalde-
hyde concentration.

Other Denaturants

Phospho-ERK levels after PMA stimulation were 2 to 4
times above unstimulated controls when denaturation
was not used (Fig. 2B). In contrast, 90% MeOH treatment
variously resulted in a 15- to 30-fold increase (e.g., Fig. 2A).
Therefore, we investigated whether other denaturants
including high salt, urea, low pH, or heat would unmask
pERK without detrimental effect on WBC resolution.

After fixation of whole blood with 2% formaldehyde for
10 min at room temperature and treatment with 0.1%
detergent for 30 min, samples were made 1 M or 2 M in
NaCl or urea by direct addition to samples. For samples
exposed to low pH, detergent was removed by centrifuga-
tion, and cells were resuspended in 1 ml 1 M sodium acet-
ate buffer (pH 5.0). All samples were treated for 30 min at
room temperature, centrifuged, and washed. Tempera-
ture-treated samples were incubated at 70°C for 10 min
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Fic. 2. Comparison of the results of whole blood hypotonic lysis method (Method A, upper panels) with whole blood fixation with 2% formaldehyde and
detergent permeabilization/RBC lysis method (lower panels). Results demonstrate improved resolution of WBC populations and greater intensity of CD3
staining (numbers in CD3 vs. SS histograms indicate percentage of CD3-positive events as a total of all WBCs), identical staining for anti-tubulin, but inferior
pERK staining of CD3™ cells after formaldehyde/Triton X-100 treatment. Histograms showing pERK staining include PMA-stimulated (dashed lines) and

unstimulated control (solid lines) samples.

after fixation and permeabilization. For all conditions,
samples were subsequently washed and then stained for
CD3 and pERK. Results are summarized in Table 1. None
of the denaturing treatments compared well with 90%
MeOH concentration. In addition, all of these treatments
resulted in degradation in light scatter and poor resolution
of WBC populations, similar to that seen using 90%
MeOH. High-temperature treatment gave an 11-fold
increase of pERK over background, but CD3 staining
intensity decreased more than 10-fold. Thus, the case for
epitope masking (as opposed to antigen extraction) was
supported, but we found no denaturing conditions that
provided signal-to-background ratios that were equal to
high MeOH concentration.

Alcohol Concentrations

To evaluate pERK unmasking with alcohols, experi-
ments were undertaken to determine whether the level of
the pERK signal was dependent on alcohol concentration.
After 30-min exposure to 0.1% Triton X-100 and addition
of 1 ml wash buffer, 4% formaldehyde-fixed whole blood
samples were centrifuged and resuspended in a series of
methanol or ethanol (EtOH) concentrations and incubated
at 4°C for 15 min or longer. Samples were then washed
and stained for CD3 and pERK as above. At alcohol con-

centrations of 60% or greater, there was degradation of
the light scatter pattern associated with a decrease in CD3
staining intensity similar to the pattern resulting from 90%
MeOH. This effect was more pronounced with EtOH.
Using 50% or lower alcohol, light scatter improved consid-
erably, associated with increased CD3 staining intensity.
Figure 3 shows an example of the effect of different alco-

Table 1
Impact of Denaturation Conditions on pERK Staining

pERK immunofluorescence ratio®

Method A 26.0 26.0 34.4
Treatment TX-100° Brij 58° NP-40°
F/Det® (no alcohol) 2.7 2.7 3.2
F/Det + 1N NaCI° 4.8 3.1 3.7
F/Det + 1M Urea® 4.2 3.9 3.9
F/Det + 1M Acid pH5 7.0 6.9 7.6
F/Det + Heat 70 deg C 11.5 ND! ND¢

“Ratio of pERK immunofluorescence for PMA-treated versus
nontreated whole blood gated on CD3-positive cells.

bF/DCtZ Treatment with 2% formaldehyde for 10 min at room
temperature followed by 0.1% detergent for 30 min at room tem-
perature.

€2 M after Triton X-100 treatment.

INot determined.

“Donor A.

‘Donor B.
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Fic. 3. Comparison of the effects of alcohol treatments on resolution of WBC populations by light scatter, CD3 expression (numbers in CD3 vs. SS histograms
indicate percentage of CD3-positive events as a total of all WBCs), and pERK expression. A: Hypotonic lysis followed by 2% formaldehyde and fixation with 100%
methanol (Method A”), showing loss of light scatter resolution and CD3 expression, but highest signal/background for pERK expression. The other three samples
show whole blood processed using 4% formaldehyde/0.1% Triton X-100 technique, (B) no alcohol treatment, (C) 50% methanol, and (D) 50% ethanol. Histograms
showing pERK staining include PMA-stimulated (dashed lines) and unstimulated control (solid lines) samples.
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Table 2
Effects of Formaldebyde Concentration and Alcobols on pERK Signal using the F/TX Method
PERK* CD3" % CD3 " MFI Autofluorescence”

CTRL PMA PMA/CTRL CTRL PMA CTRL PMA CTRL PMA

2% Formaldehyde
Donor 1 F/TX 3.6 5.6 1.6 30.1 28.6 98.4 97.2 0.33 0.33
+50% MeOH 3.2 7.1 2.2 29.9 30.7 84.4 80.2 0.3 0.33
+50% EtOH 2.2 10.0 4.6 29.5 28.5 43 42.6 0.26 0.28
Donor 2 F/TX 3.5 6.5 1.8 12.7 11.7 101 99.1 0.29 0.28
+50% MeOH 33 6.6 2 12.2 13.9 92 81.7 0.26 0.28
+50% EtOH 2.6 8.9 3.4 12 13.3 55.9 46.2 0.28 0.25

4% Formaldehyde
Donor 1 F/TX 3.2 14.9 4.7 30.4 30.5 80.6 87.1 0.36 0.33
+50% MeOH 3.0 16 53 30.6 29.6 73 69.8 0.33 0.32
+50% EtOH 2.1 16.7 8.1 28.8 29.2 44.3 50.9 0.3 0.28
Donor 2 F/TX 2.9 14.8 5.1 14.1 15 83.7 89.7 0.28 0.27
+50% MeOH 2.7 16.0 5.9 13.4 13.9 75.7 80.3 0.29 0.29
+50% EtOH 2.5 19.0 7.5 13 14.2 62.2 59.8 0.26 0.27

“Gated on CD3-PE positives; MFI of pERK-Alex Fluor 488. CTRL, control.
PGated on unstained lymphocytes; autofluorescence in the Alexa Fluor 488 channel.

hol treatments: staining for pERK following PMA treat-
ment was 12-fold greater with 50% MeOH than that of the
unstimulated control cells, compared with 29-fold for 90%
MeOH and 8-fold for 4% formaldehyde/Triton X-100 with-
out alcohol treatment. This improvement in the signal-to-
background ratio resulted from decreased background
staining and increased staining of the PMA-stimulated
cells, and was more pronounced with EtOH. Samples trea-
ted with 50% EtOH gave a stronger pERK signal; however,
these samples degraded rapidly as a function of time. Sam-
ples denatured with 50% MeOH could be stored overnight
at —20°C. These findings indicate that MeOH and EtOH
are not interchangeable.

Formaldehyde Concentration Revisited

When 2% and 4% formaldehyde concentrations were
tested with 50% MeOH denaturation, not only did 4% for-
maldehyde preserve the scatter resolution better, but the
ratio of the pERK signal of PMA treated to unstimulated
control increased from 2- to 4-fold to 4- to 8-fold. Results
presented in Table 2 show that high formaldehyde con-
centration improved pERK antigen detection by improv-
ing antigen retention (compare 2% with 4%) and by an
unmasking effect.

Comparison of Whole Blood Fix-Lyse and Whole
Blood Lyse-Fix Protocols

We compared the original Method A with the F/TX/
MeOH method by light scatter pattern, CD3 intensity and
fraction, and pERK ratio (stimulated to unstimulated).
Figure 4 shows representative data. The upper two panels
show that there is no significant temperature dependence
for the fixation step. The original method of Chow et al.
(1) was done at 37°C. Comparing these data to the results
obtained with the F/TX/MeOH method (Fig. 4, bottom
panels), it is evident that this whole blood fix-lyse techni-

que gives a greatly enhanced forward versus orthogonal
light scatter signal, with the monocytes being particularly
well resolved, and improved CD3 surface immunofluores-
cence. However, the pERK signal is attenuated (compared
with the original, Method A), presumably due to incom-
plete protein denaturation.

Sample Storage Revisited

With the original lyse-fix method A (1), PMA-activated
peripheral blood samples could be stored in 90% MeOH at
—20°C for several months with insignificant loss of pERK
signal, similar to results subsequently reported by Krutzik
and Nolan (3). However, detection of pERK was much less
stable with storage in 50% methanol. Therefore, we com-
pared the pERK signal in samples held for 1 week in 50%
MeOH with storage (after F/TX treatment) in cell freezing
medium (RPMI 1640 with 10% glycerol and 20% FBS).
Samples in freezing medium were thawed and washed
once with 2 ml wash buffer and then treated with 50%
MeOH before staining. As shown in Figure 5, overnight
storage in 50% MeOH did not significantly affect the pERK
signal. After 1 week in 50% MeOH, the pERK ratio (stimu-
lated to unstimulated) was reduced (Fig. 5D). Storage of
cells in freezing medium for 1 week appeared to be better
but was reduced compared with the control (Fig. 5E vs
5A). Although the pERK ratio (stimulated to unstimulated)
deteriorated with 1 week of storage, the percentage of
positive cells was not significantly affected.

Fix-Lyse Impact on Light Scatter

To quantify the effect of the F/TX/MeOH method on
light scatter patterns, we compared results for whole
blood samples prepared using the Q-Prep system (Beck-
man Coulter, Inc.) with those obtained after treatment
with 4% formaldehyde/Triton X-100 (F/TX) or F/TX/
MeOH. The choice of the Q-Prep system was arbitrary as a
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Fic. 4. Comparison of light scatter, CD3, and pERK staining obtained using different protocols for measuring PMA activation of whole blood. Numbers in
CD3 versus SS histograms indicate percentage of CD3-positive events as a total of all WBCs. The top four panels show minimal differences for fixation tempera-
ture or formaldehyde concentration using the hypotonic lysis techniques (Method A or A"). In contrast, whole blood fixation shows significant enhancement of
light scatter and pERK resolution using 4% versus 2% formaldehyde (bottom panels). Note the sequential improvements obtained by increasing fixation condi-

tions and the addition of 50% methanol compared with the preliminary work shown in Figure 2, bottom panels. Blue indicates PMA-stimulated samples and
red areas indicate unstimulated samples. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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Fic. 5. Effects of storage conditions on light scatter, CD3, and pERK staining. Numbers in CD3 versus SS histograms indicate percentage of CD3-positive
events as a total of all WBCs. Samples were prepared as in Figure 4, bottom panels, and then stained and analyzed after storage under the following conditions:
(A) control for 50% methanol storage stained and run immediately; (B) control for freezing medium storage, processed as for sample A; (C) overnight storage in
50% methanol; (D) 1-week storage in 50% methanol; (E) 1-week storage in freezing medium. Samples for C-E were stored at —20°C. Blue indicates PMA-stimu-
lated samples and red indicates unstimulated samples. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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Table 3
Summary of Data Analysis for Fisher Distance Calculations

Method Difference® SEP DF¢ P Tukey-Kramer P
Lymphocytes to monocytes

Q-Prep vs. F/TX —0.435 0.01612 408 <0.0001 <.0001

Q-Prep vs. F/TX/MeOH —0.4553 0.01612 408 <0.0001 <.0001

F/TX vs. F/TX/MeOH 0.0203 0.01612 408 0.2092 0.42
Monocytes to granulocytes

Q-Prep vs. F/TX —0.4002 0.01478 408 <0.0001 <.0001

Q-Prep vs. F/TX/MeOH —0.6053 0.01478 408 <0.0001 <.0001

F/TX vs. F/TX/MeOH 0.2051 0.01478 408 <0.0001 <.0001

“Difference in measured Fisher distance between two whole blood preparation techniques indi-

cated.
Standard error.
“Degrees of freedom.

reference method but has an advantage in reproducibility
compared with manual preparations. Table 3 summarizes
the results of 24 normal donors treated with these three
different techniques comparing the relative separation of
lymphocytes, monocytes, and granulocytes using mea-
surements of the Fisher distances between light scatter
populations (Fig. 1).

Fisher distances between lymphocytes and monocytes
were 2.20 for samples prepared using Q-Prep, 1.76 for
F/TX, and 1.74 for F/TX/MeOH. As indicated in Table 3, the
difference between Q-Prep and the other methods were
significant, but the difference between the two fix-lyse
methods was not. Fisher distances between monocytes and
granulocytes were 2.57 for samples prepared by Q-Prep,
2.17 for F/TX, and 1.97 for F/TX/MeOH. One way of inter-
preting these data is that there is about a 30% degradation
of the light scatter resolution when comparing the fix-lyse
procedures with the lysefix procedure (2.2/1.76 = 1.26
and 2.57/1.97 = 1.30). Further, there appears to be a slight
(10%) effect of the MeOH step on granulocytes (2.17/1.97
= 1.10), but much of the effect on light scatter can be
attributed to fixation with formaldehyde.

Aliquots of whole blood samples prepared by all three
techniques were measured using an LH-750 (Beckman
Coulter, Inc.) analyzer to determine whether any blood
cell population was decreased (lost) as a consequence of
sample preparation. Analysis was performed using bias
plots (Fig. 6) to determine whether there was a significant
difference in recoveries of different WBC populations.
Lymphocyte populations (Fig. 6, top panel) were consis-
tently overestimated by all three whole blood preparation
techniques as compared with the CBC determination,
with no significant difference in lymphocyte determina-
tions when comparing the three whole blood techniques.
In all likelihood, this difference between the three flow
cytometric lymphocyte determinations and the CBC was
the result of including events with low scatter (debris, pla-
telets) in the lymphocyte gate. Comparisons of the recov-
eries of monocytes (Fig. 6, center panel) and granulocytes
(Fig. 6, bottom panel) showed no significant variations for
any of the whole blood techniques for monocytes and a
small but insignificant decrease in the recoveries of granu-
locytes for all three whole blood techniques compared
with the CBC.

Fix-Lyse Impact on Surface Markers

We compared signal intensity of markers routinely used
to identify lymphocytes (CD3, 19), monocytes (CD13,
14), and granulocytes (CD13, 33) for samples prepared
with Q-Prep, F/TX, and F/TX/MeOH. After preparation
and washing, samples were incubated with a single sur-
face marker antibody and analyzed by flow cytometry to
determine the percentage of positive cells and MFI.

The results of CD marker determinations on 24 individual
donors are presented in Table 4 and Figure 7. As shown in
Table 4, although there was some variation in the MFI for
any one marker in comparing the three different whole
blood preparation techniques, the only significant decrease
in staining intensity was seen for CD19 in whole blood sam-
ples treated with F/TX/MeOH. As shown in the bias plot for
CD19 expression (Fig. 7A, middle panel), there was consid-
erable variability for expression (MFD) of this marker in sam-
ples prepared using F/TX with or without MeOH, suggest-
ing differential sensitivity of this epitope to F/TX (and
methanol) treatment in individual blood donors. Because
we did not repeat these measurements using multiple sam-
pling of the same donor, we cannot rule out experimental
variability rather than donor variability. In either case, CD19-
positive cells could be readily detected in all donors, regard-
less of the whole blood preparation technique used.
Although other markers showed some increase or decrease
in staining intensity (MFD) in comparing different methods,
in all cases there was sufficient staining intensity to readily
differentiate positive versus negative cell populations.

DISCUSSION

The purpose of this study was to develop a “fix-lyse”
method to measure intracellular phospho-epitopes in sam-
ples of whole blood, bone marrow, or other fluids contain-
ing RBCs. Previous studies by our laboratories (1,5) and
by Krutzik et al. (3,4) have demonstrated the utility of
using brief formaldehyde fixation followed by alcohol for
tissue culture cells, human peripheral blood mononuclear
cells, or mouse splenocytes. In these studies, samples con-
taining RBCs were first depleted of erythrocytes by lysis.
Two problems were evident. First, removal of interfering
RBCs (density gradient separation or RBC lysis) allows
time and environments during which artifactual changes
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Fic. 6. Estimates of total bias for WBC populations (top: lymphocytes;
middle: monocytes; bottom: granulocytes) determined by flow cytometry
compared with CBC values determined by LH750. Approximate tolerance
limits (dashed lines) determined by the CBC are plotted against the deter-
minations for lymphocytes (top graph), monocytes (middle graph) or
granulocytes (lower graph) using determinations of WBC populations
from individual samples prepared using Q-Prep (red circles), F/TX (blue
diamonds), or F/TX/MeOH (yellow triangles). [Color figure can be viewed
in the online issue, which is available at www.interscience.wiley.com.]

in phosphorylation may occur. Second, detection of some
phospho-specific epitopes (e.g., pERK, pSTAT1, pSTAT5)
was significantly improved by protein denaturation with
alcohol (3,4), but alcohol fixation resulted in degradation
of the light scatter, a property that has been noted pre-
viously. Further, some surface makers, important for sub-
set analysis of leukocytes, were compromised.

To address the first problem, we examined the impact
of initial fixation of whole blood samples with formalde-
hyde followed by detergent treatment on RBC lysis. Fixa-

tion of whole blood was initiated to provide the least
amount of time between cessation of experimental treat-
ments and fixation of phospho-epitopes in the sample.
There have been several studies aimed at whole blood
fixation and permeabilization in which light scatter was
considered important. One of these is a study by Francis
and Connelly (18) describing the properties of the com-
mercial fix and permeabilizing reagent, PermeaFix (Ortho
Diagnostic Systems, Raritan, NJ, USA). This single-step
reagent produced light scatter resolution of lymphocytes
and monocytes equivalent to ammonium chloride lysed
samples of whole blood. In addition, leukocyte surface
staining was preserved, cells were permeable, and intra-
cellular antigens could be stained. This reagent is now
sold by InVirion (Frankfort, MI, USA). We tested this
reagent for pERK staining and, like other methods that
leave proteins in a native state, the pERK signal was low
(Chow and Hedley, unpublished data). Macey et al. (19)
tested several other commercial fixation/permeabiliza-
tion/lysis reagents for whole blood for the ability to pre-
serve light scatter. Results were variable; all procedures
affected light scatter but several produced good patterns
in which the three main leukocyte subpopulations could
be resolved. Neither of these studies indicated what level
of formaldehyde was in these commercial reagents. In the
present study, we have shown that we can fix whole
blood with high concentrations of formaldehyde (2-4%)
for brief periods (10 min), and that this will result in pre-
parations in which the erythrocytes can be completely
lysed by incubation in non-ionic detergent solutions at
low concentration. Although we tested several different
detergents, we did not observe an improved effect when
compared with Triton X-100. Thus, we have a method in
which blood can be treated with a known amount of for-
maldehyde and RBCs can be lysed after fixation, thus elim-
inating leukocyte purification steps. In addition, we have

Table 4
Intensity of CD Marker Expression on Different WBC Popula-
tions using Different Whole Blood Preparation Techniques

Fluorescence intensity

Q-Prep F/TX F/TX/MeOH

Marker MFI spP MFI SD MFI SD
Lymphocytes®

CD45 353.6 110.7 201.7 76.0 275.6 56.9

CD3 123.1 29.7 126.6 20.5 1249 18.7

CD19 48.3 12.0 36.6 84.2 6.3¢ 1.9
Monocytes®

CD45 224.9 66.8 260 108.8 351.3 62.7

CD13 84.1 45.6 41.5 19.2 41.9 18.3

CD14 81.4 28.9 103.7 21.6 86.4 15.7

CD33 44.0 20.9 18.9 10.7 20.1 9.4
Granulocytes®

CD45 69.9 209 127.0 56.9 185.7 37.8

CD13 53.3 20.5 51.4 12.0 53.0 6.0

CD33 12.1 2.7 12.2 7.6 12.0 7.9

"WBC populations determined by light scatter (SS vs. FS).

PStandard deviation.

“Significant decrease in level of CD expression compared with
Q-Prep.
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Fic. 7. Estimates of total bias for MFI of WBC populations (A: lymphocytes; B: monocytes; C: granulocytes) for whole blood samples prepared by three
different techniques (Q-Prep, F/TX, or F/TX/MeOH). Approximate tolerance limits (dashed lines) are plotted against the average for two of the methods
used for preparing individual whole blood samples: Q-Prep versus F/TX (yellow triangles), Q-Prep versus F/TX/MeOH (red circles), or F/TX versus F/TX/
MeOH (blue diamonds). Individual graphs represent comparison of the results seen for each surface marker (CD45, CD3, CD19, CD13, CD14, and CD33);
some of these markers are expressed on more than one WBC population. [Color figure can be viewed in the online issue, which is available at www.

interscience.wiley.com.]
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demonstrated that this formaldehyde fixation/detergent
permeabilization technique, a fix-lyse procedure, main-
tains light scatter properties of WBC populations suffi-
cient to allow discrimination of all three leukocyte groups
and preserve expression of several common leukocyte
subset surface markers.

To address the loss of pERK signal, we tested other
means of protein denaturation. Among these were high
salt, urea, heat, and acid. Although each of these treat-
ments increased the level of pERK detection, none of
these produced cell preparations in which the pERK sig-
nal was as high as that achieved with 90% MeOH. Pre-
viously, it had been shown that light scatter signals of
leukocytes could be retained at lower concentrations of
alcohol fixation (20). Therefore, we examined this and

confirmed and demonstrated that the loss of light scatter,
CD3 intensity, and pERK intensity were dependent on
alcohol concentration. By lowering the alcohol concen-
tration to 50%, we added a denaturation step and arrived
at a whole blood fixation procedure that provided good
light scatter patterns and high CD3 intensity and a signifi-
cantly unmasked pERK signal. Although our original lyse-
fix technique (Method A) resulted in a higher pERK sig-
nal, poor resolution of WBC populations, and low CD3
intensity, this new approach resulted in an intermediate
PERK signal, good resolution of WBC populations, and
high CD3 intensity. Because unmasking is likely to be the
result of protein denaturation and extraction, this inter-
mediate pERK signal may be the result of increased reten-
tion of molecules that could be extracted by the alcohol
step, but are retained by the additional cross-linking at
higher formaldehyde concentration. For pERK and other
highly expressed epitopes, this is not a severe limitation.
The fraction of pERK-positive cells remains the same.
Detecting less than the total number of epitopes in the
cells becomes important only when the total number of
epitopes is low to begin with, or in the hypothetical case
that detection is not random with respect to other vari-
ables, e.g. epitope localization, and that non-randomness
effects detectability. For an epitope assay system that
yields a 30% coefficient of variation (normal or log-nor-
mal distributions), if the stimulated state is 5 to 10 times
the unstimulated state, and the new method imparts a
66% reduction in the stimulated signal, the fractional
increase and the MFI shift are completely resolvable by
standard cytometric analyses of immunofluorescence as
reported by Sladek and Jacobberger (21). We recognize
that this may not be sufficient for some epitopes. In that
case, the level of alcohol can be increased with a com-
promise on light scatter and level of expression of some
surface markers.

At present, we do not have data that would indicate
whether the fix-lyse (F/TX/MeOH) approach could provide
a signal that is biologically equivalent to that of Method A
(high MeOH). However, although we do not have evidence
that our original technique provides biologically relevant
measurements, we do know that the signal is equivalent to
western blot analysis. In general, our experience indicates
that fluorescence-based cytometric measurements are more
precise but less sensitive than western blots (5,16). Further,
by comparing western blotting with cytometry for samples
that have been extracted with various solutions (Frisa and
Jacobberger, unpublished data), we have come to the
expected conclusion that we detect only a fraction of the
intracellular epitope by cytometry, i.e., a significant portion
of the epitope is not available for staining after alcohol fixa-
tion/permeabilization and staining at antibody saturation.
The effect of this situation is that the amplitude of response
in an experiment is lower compared with western blotting,
which is likely to be lower compared with the native state
of the cell. Thus, we would argue that our improved
method (F/TX/MeOH) is sufficient for the majority of stu-
dies in which we wish to preserve light scatter and surface
immunophenotype (yet wish to rapidly stop a whole blood
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reaction), and in which our expected signal is sufficiently
large above an appropriate background signal.

One benefit to alcohol treatment (as in the original
method, or in F/TX/MeOH method from this study) is that
it allows storage of fixed samples at —20°C for prolonged
periods. Although our studies have only measured the
impact of short-term storage (24 h with minimal change in
PERK expression), a previously published study has sug-
gested a 20% to 30% decrease in the measured levels of
several different phospho-epitopes (as measured by flow
cytometry) after as much as 5 months storage of samples
in alcohol at —20°C (3). Frisa and Jacobberger (unpub-
lished observations) measured decreases in each of several
non-phospho epitopes in cells stored in 90% MeOH
within a 6-month period. However, the loss of detectabil-
ity is a complex process that appears to be a balance of
chemical changes in the epitope under study and other
masking elements; therefore, each epitope should be
investigated individually before long-term storage.

In summary, we have reported the development of a
protocol that allows processing of whole blood samples
using an initial fixation step, followed by a detergent treat-
ment step to permeabilize WBCs and lyse RBCs. A final
methanol treatment step (which can be omitted, depend-
ing on specific assay requirements) improves the signal-to-
noise ratio for pERK expression (and other phospho-epi-
topes, such as p-AKT and p-S6, manuscript in preparation)
and can provide a medium for short-term sample storage
at —20° C. The significant advantages of this protocol over
previously reported techniques for the analysis of intracel-
lular phospho-epitopes (1-8) include the initial fixation
step, which maximizes the likelihood of phospho-epitope
retention, the ability to use samples containing RBCs, and
preservation of light scatter and representative cell sur-
face (CD) determinants needed for clinical cytometry,
while providing a detectable and acceptable pERK signal
that is significantly above background levels.
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