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ABSTRACT 

 
 We present for the first time a methodological approach for 
the measurement of cytoplasmic Zap-70 and nuclear Ki-67 
proteins with QDot nanocrystal-labeled antibodies. 
Mononuclear cells from chronic lymphoid leukemia 
patients were used to detect Zap-70, and Jurkat T-cells for 
Ki-67. Intracellular staining kits based on saponin and 
paraformaldehyde were chosen as optimal for the delivery 
of QDot nanocrystals inside cells. Single staining with 
QDot 565-, 605-, or 655-labeled antibodies is operative in 
intracellular flow cytometry. In multicolor panels, the most 
robust results are obtained with the QDot 655 detected in 
the APC channel (633 nm excitation, 660/20 nm band pass 
or customized 655/20 filter) to simplify the spectral overlap 
compensation. In 3-, 4-, and 5-color combinations signal 
brightness for intracellular QDot 655 does not decrease, 
whereas positive-to-negative signal ratio is higher than with 
organic dyes. The optimized combination of fluorophores 
for 5-color panel includes APC-Cy7, PE, PE-Cy7, FITC, 
and QDot 655. We used CD3, CD19, CD38, and CD5 
surface markers. Intracellular QDots outperformed organic 
fluorophores probed in the same samples. QDot 
nanocrystals are a robust tool in intracellular flow 
cytometry due to their narrow emission spectrum, 
brightness, and stability of this fluorophore. 
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1 INTRODUCTION 
 
Zap-70 has become the most studied prognostic factor 

for chronic lymphoid leukemia (CLL) (Hamblin, Hamblin, 
2005; Wiestner, 2005) and the most promising surrogate 
marker for IgVH mutation status (unmutated VH genes 
predict inferior survival in CLL) (Crespo et al, 2003; 
Rassenti et al, 2004). Zap-70 is a member of the Syk family 
of tyrosine kinases and is normally involved in T-cell 
signaling and development (Isakov et al, 1995). Zap-70 is 
expressed in certain B-cells and has been shown to alter B-
cell transduction in CLL cells and various B-cell 
malignancies. In contrast to technically demanding IgVH 

analysis, Zap-70 protein expression can be measured by 
flow cytometry. However, it is not an easy target, since it is 
an intracellular protein present in CLL B-cells in relatively 
low numbers, and staining is influenced by many test 
variables (shipping and sample storage, temperature, 
antibody clone and fluorochrome, etc.) (Wiestner, 2006).  

Ki-67 is a nuclear and nucleolar protein directly 
involved in cell proliferation (Endl, Gerdes, 2000) that is 
used in CLL research to quantify the percentage of cells 
that enter the cell cycle (Damle et al, 2007). QDots-
antibody conjugates are frequently used for extracellular 
staining and immunophenotyping (Chattopadhyay et al, 
2006; Barteneva, Vorobjev, 2009). Given the potential of 
QDots-conjugates, they seem promising candidates for the 
development of intracellular multicolor panels. The goal of 
this study was to explore the use of QDots-conjugated 
antibodies in place of antibodies conjugated with organic 
fluorochromes.   

QDots are susceptible to chemical changes in their 
environment. Commercial protocols have suggested the use 
of various concentrations of methanol or ethanol 
(Invitrogen, Carlsbad, CA) or paraformaldehyde (Evident 
Technologies, Troy, NY). We tested 6 different commercial 
fixation/permeabilization kits to choose appropriate 
fixatives for cytoplasmic (Zap-70) and nuclear (Ki-67) 
staining. The development of a QDots-based intracellular 
flow cytometry assay for measuring Zap-70 and Ki-67 
expression in CLL patients has the potential for improved 
reproducibility compared with the traditional organic 
fluorochrome-based approach in terms of brightness, 
stability of the fluorophores, and greater capability for 
multiplexing. 

 
2 METHODS 

 
Samples were collected from B-CLL patients followed at 
the outpatient clinic of the MD Anderson Cancer Center, 
Houston, TX. The study was approved by the MDACC 
institutional panel. B-CLL was diagnosed according to the 
scoring system of Rai and Binet. The population consisted 
of 19 men and women total. Peripheral blood mononuclear 
cells (PBMCs) were separated from heparinized venous 
blood by density gradient centrifugation using Ficoll-Paque 
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(Pharmacia LKB Biotechnology, Piscataway, NJ) and 
cryopreserved (10% DMSO; 90% FCS) for future use or 
used fresh.. The cells were labeled with the following 
conjugated antibodies: anti-CD38-PE, anti–CD19-APC, 
anti–CD3-APC-Cy7, anti–CD79a-PerCP, and anti–CD5-
PE-Cy7 (Biolegend, San Diego, USA). Anti-human Zap-70 
, Ki-67 and CD38 QDots® conjugates were acquired from 
Invitrogen (Carlsbad, CA). Some   anti-human Zap-70 
QDot 655 were conjugated using conjugation kits from 
Invitrogen. 
 Fluorescence minus one (FMO) controls were used in all 
runs to separate positive from negative cells. For each 
sample a dot plot was generated using the side 
scatter/forward scatter lymphocyte gate. Within those 
parameters the markers were set on the FMO control to 
define the negative population. The percentage of CD38+ 
cells among the CD19+CD5+ population was then 
determined. Before staining the cytoplasmic Zap-70, cell 
fixation and permeabilization was performed.  For analysis 
of B-cell Zap-70 expression in healthy volunteers and B-
CLL patients, two different methods were used. The 
percent of positive B-CLL cells was estimated according to 
an approach by Crespo et al. (2003), using the lower limit 
of the fluorescence range corresponding with 98% positive 
internal T cells as threshold. In addition, the ratios of 
median Zap-70 staining of the CD19+/CD5+ or CD79a+ B-
CLL cells to internal T cells (B-CLL/T-cell ratio) were 
measured, according to the method of Bakke et al. (2006). 
Shortly, CD3+-positive samples were used as an internal 
positive control for Zap-70 expression in CLL cells.  
 The Jurkat cell line, stimulated with 4-beta-phorbol 12-
myristate 13-acetate (PMA) or concanavalin A (Con A) 
(Sigma, St Louis, MO), was used to develop 
immunofluorescent staining with antibodies against Ki-67 
(clone MIB-1) conjugated with QDot 655 or FITC. Briefly, 
after short fixation with components of commercial kits (6 
different commercial kits were tested) the cells were 
permeabilized and stained with Ki-67 (MIB-1)-FITC 
conjugated antibody for 25 min at 4°C. At least 30,000 
events were acquired from each sample. Negative isotype-
matched controls (BD Biosciences, USA) were used to 
exclude non-specific events. 
     

 
 

3 RESULTS 
 
The capacity of the anti-Zap-70 antibody to penetrate 

the extracellular membrane barrier and effectively bind to 
the cytoplasmic target was tested. The conjugation with 
QDot 655 was chosen as optimal for multi-color panels 
after preliminary experiments in which extracellular marker 
CD38 was conjugated with QDot 565, 605, and 655. Zap-
70 protein was probed with FITC- and QDot 655-labeled 
antibodies. The presence of an intracellular staining 
antibody (anti-Zap70-FITC or anti-Zap70-QDot 655) did 

not influence the staining patterns of surface cellular 
markers.  

 
 

3.1 Zap-70 staining with antibodies conjugated 
with QDot655 vs FITC 

 
 

 
Figure 1. Representative scheme of gating for Zap-70 
expression (D) on B-CLL samples. The B-CLL population 
was defined by lymphocyte gating (A) followed by gating 
of CD19+CD5+ cells (B) and using  Zap-70 expression on 
T-cells as internal control (C). 
 
 
 

 
We chose six kits widely used for intracellular staining 

from different providers: PhosphoFlow1, Fix/Perm 2 and 
Intrasure (BD Biosciences, San Jose, CA), Fix-Perm 
(Invitrogen, Carlsbad, CA), Foxp3 Fix/Perm (Ebioscience, 
San Diego, CA), IntraPrep (Beckman-Coulter, Miami, FL), 
and an "in-house" fixation-permeabilization kit. The clone 
1E7.2 anti-human Zap-70 antibodies labeled with FITC 
effectively recognized the protein of interest in 6 out of 7 
buffer sets. When the same clone was conjugated with QD 
655, the prerequisites for buffer compatibility were more 
demanding: only buffers containing low concentrations of 
paraformaldehyde and saponin were successfully stained. 
Methanol-based buffers completely prevented staining with 
anti-Zap-70 QDot 655 antibodies.  

We combined both conjugates of anti-Zap70 antibodies  
(with organic fluorophore and QDot 655) with anti-CD38, 
anti-CD19, anti-CD3, and anti-CD5 antibodies conjugated 
with organic and tandem-fluorophores in 3-5 color 
combinations. When only organic fluorophores were 
combined, the mean fluorescence intensity (MFI) generally 
decreased as the number of fluorophores increased. 
However, when using the saponin-based buffer MFI for 
anti-Zap70, QDot 655 was 3-6 times higher than with 
FITC-conjugated antibodies and remained stable after 
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combining single QDot 655 anti-Zap70 staining with other 
antibodies in 4-5 multicolor panels.  
 

3.2 Ki-67 staining with antibodies conjugated 
with QDot655 vs. Alexa Fluor 647. 

 
 

 
 
 
 

 
 
 
Figure 2. Jurkat cells were thawed, washed once, and 
reconstituted in RPMI medium (10%FCS, 1% glutamate, 
pen-strep) at 5*10E6/ml. Cells were kept in culture (37°C, 
2% CO2) for 24 hours. Subsequently, cells were divided 
into experimental groups at 2*10E6 cells per group and 
treated with 100 nM PMA, and 100 nM of ConA in fresh 
medium, or left untreated. After 24 hours, cells were 
collected, washed once with PBS, and subjected to surface 
determinants’ staining with respective fluorophore-labeled 
antibodies (15 min, 4°C), followed by a 
fixation/permeabilization per manufacturer 
recommendations. Fixed and permeabilized surface-stained 
cells were then incubated with anti-Ki67-AF647 or anti-
Ki67-Q655 antibodies (20 min, room temperature) as 
indicated, washed twice with PBS, and fixed in 1% PFA on 
ice. Samples were then subjected to FACS analysis. The 
results shown are representative of three independent 
experiments.  
 
 
 
 
We analyzed expression of Ki-67 by Jurkat human T-
lymphoma cells using anti-Ki-67 antibodies, MIB-1 clone, 
conjugated with AlexaFluor 647 or QDot 655, as a model 
system of induced proliferation. High concentrations of 
paraformaldehyde (3-4%) or fixation with methanol 
induced a significant decrease in the intensity of fluorescent 
signal of the QDot 655 conjugate. Fluorescence intensity of 
Ki-67 staining with QDot 655 was comparable with Alexa-
647 conjugates. The best result was obtained using the 

Foxp3 Fix/Perm kit (Ebioscience, San Diego, CA). The 
staining protocol was optimized for Jurkat cell line. 
 

 
4  DISCUSSION 

 
 The anti-Zap-70 antibody conjugated with QDot655 

shows great promise for the assessment of Zap-70 
expression in CLL patients. The labeling procedure of B-
CLL cells with QDots-conjugated antibodies was based on 
commercially available fixation-permeabilization kits 
containing saponin and paraformaldehyde. Fluorescence 
from QDot 655-conjugated antibodies was brighter than 
with FITC-conjugated antibody, but not compared with 
AlexaFluor 647-antibody conjugates. Zap-70 is a relatively 
low copy-number target in CLL patients and is a 
challenging clinical application for flow cytometry. With an 
optimized fixation-permeabilization step, QDots conjugate 
scan becomes an attractive alternative to organic 
fluorophores. 
   The use of Ki-67 protein detection is applicable in such 
areas as developmental biology, drug screening, and cancer. 
Since every growing cell population expresses Ki-67, it has 
received special interest in tumor diagnostics, where 
proliferative activity is often hard to detect. The prognostic 
value of Ki-67 in the growth fraction population of 
tumorigenic cells has been demonstrated for non-Hodgkin’s 
lymphoma (Gerdes, 1984), multiple myeloma, soft tissue 
sarcoma (Huuhtanen, 1999), prostate cancer (Borre, 1998), 
adenocarcinoma breast cancer (Rudolph, 1999), and many 
other tumors for which variability in the course of the 
disease is related to proliferative activity. The detection of 
Ki-67 protein was shown to predict recurrence of 
neoplasms after eradication, as well as metastasis (Bai, 
1999; Cher, 1996). In many cases Ki-67 expression is the 
sole independent predictor of tumor-specific survival. 
Immunostaining for Ki-67 is routinely used in cytological 
and histological samples. The labeling index for Ki-67 is 
more sensitive, since cells in all active phases of cell cycle 
are recognized.  
 Ki-67 is difficult to assess with standard biochemical 
methods because of its molecular mass (300 kDa), short 
half-life (60-90 min), close interaction with nuclear matrix 
proteins, and high susceptibility to proteases. Moreover, the 
expression of Ki-67 varies in intensity throughout the cell 
cycle, calling for more sensitive tools and methods of 
detection for increased accuracy in identifying cells in 
different phases of division. Flow cytometry detection of 
Ki-67 is widely used on samples from various malignancies 
with high rates of proliferation. We optimized staining for 
Ki-67 after testing a panel of different 
fixation/permeabilization kits. The inter-kit variations in 
reproducibility of anti-Ki-67 staining can be explained by 
the steric hindrance problem identified early in the use of 
QDots nuclear staining (Muller et al, 2006). 
    In sum, though QDots conjugates are prone to chemical 
influence during staining, the technique can be successfully 
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optimized. As a component of multi-color panels, QDot 
655-conjugated antibodies have advantages over panels 
with only organic-based fluorophores due to the possibility 
of multiplexing (narrow emission spectrum). Combining 
quantification of Zap-70+ and/or Ki-67+ with CD38+ in 
multi-color panels and with other CLL-prognostic markers 
may be helpful for increasing prognostic accuracy in patient 
evaluation and treatment. 
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