
Characterization of Monoclonal Antibodies That Recognize Canine CD34

By Peter A. McSweeney, Katherine A. Rouleau, Philip M. Wallace, Benedetto Bruno, Robert G. Andrews,

Ljiljana Krizanac-Bengez, Brenda M. Sandmaier, Rainer Storb, Elizabeth Wayner, and Richard A. Nash

Using a polyclonal antiserum against canine CD34, we

previously found that CD34 is expressed on canine bone

marrow progenitor cells in a manner analogous to that

found in humans. To further characterize CD341 cells and to

facilitate preclinical canine stem cell transplant studies,

monoclonal antibodies (MoAbs) were raised to CD34. A

panel of 10 MoAbs was generated that reacted with recombi-

nant CD34 and with CD341 cell lines and failed to react with

CD342 cell lines. Binding properties of five purified MoAbs

were determined by BIAcore analysis and flow cytometric

staining, and several MoAbs showed high affinity for CD34.

Two antibodies, 1H6 and 2E9, were further characterized,

and in flow cytometry studies typically 1% to 3% of stained

bone marrow cells were CD341. Purified CD341 bone mar-

row cells were 1.8- to 55-fold enriched for colony-forming

unit–granulocyte-macrophage and for long-term culture ini-

tiating cells as compared with bone marrow mononuclear

cells, whereas CD342 cells were depleted of progenitors.

Three autologous transplants were performed with CD341

cell fractions enriched by immunomagnetic separation. After

marrow ablative total body irradiation (920 cGy), prompt

hematopoietic recovery was seen with transplanted cell

doses of I1.1 3 107 /kg that were 29% to 70% CD341.

Engraftment kinetics were similar to those of dogs previ-

ously transplanted with approximately 10- to 100-fold more

unmodified autologous marrow cells. This suggests that

CD341 is a marker not only of canine bone marrow progeni-

tors but also for cells with radioprotective or marrow repopu-

lating function in vivo. MoAbs to CD34 will be valuable for

future studies of canine hematopoiesis and preclinical stud-

ies concerning stem cell transplantation, gene therapy, and

ex vivo progenitor cell expansion.
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THE EXPRESSION OF CD34 on hematopoietic cells is
developmentally regulated in hematopoiesis such that its

expression is lost beyond the committed progenitor stage.1-3

This pattern of expression allowed for the use of monoclonal
antibodies (MoAbs) to human CD34 to selectively isolate for
the purpose of transplantation small subpopulations from bone
marrow (BM) that are highly enriched for progenitors.4,5 More
recently, peripheral blood progenitor cells collected after mobi-
lization with growth factors and/or chemotherapy have been
enriched from leukapheresis products by CD34 selection tech-
niques for use in transplantation.6-8 CD34 selection facilitates
tumor cell removal from autografts7,9 and T-cell depletion of
allografts to prevent graft-versus-host disease (GVHD).8,10

Separations of CD341 cells for transplantation have been
accomplished using immunoadsorption columns,5,9 immunomag-
netic beads,11 and high-speed cell sorting.12

Canine models of autologous and allogeneic stem cell
transplantation have been important for studies concerning
GVHD, recombinant hematopoietic growth factors, and gene
therapy. These models have proved predictive of clinical
findings in humans.13,14Therefore, a marker for identifying and
isolating canine hematopoietic progenitors that would facilitate
graft manipulation may allow for further insights to be gained
through canine studies. Recently, we cloned both the cDNA and
gene for the canine homologue of CD34.15A recombinant CD34
murine Ig fusion molecule (CD34-Ig) was used as an immuno-
gen to generate an affinity-purified polyclonal antiserum
(RPaCD34) that reacted with approximately 1% of BM cells, a
cell population that was highly enriched for colony-forming
unit–granulocyte-macrophage (CFU-GM). However, use of a
polyclonal antiserum was suboptimal for precise fluorescence-
activated cell sorting (FACS) studies and for large-scale cell
separations.

This report describes the production of MoAbs that react with
canine CD34, which was necessary to better characterize
CD341 cells by in vitro and in vivo functional studies and to
develop technology for transplantation of enriched progenitor
cell populations. Ten hybridomas were cloned that produced
MoAb against CD34. Several high-affinity MoAbs specific for

CD34 were identified, and two, 1H6 and 2E9, were character-
ized in studies to isolate cell populations enriched for canine
marrow progenitors. Results of initial autologous transplant
studies, performed using cell populations enriched for CD341

cells with MoAb 1H6, showed that these cell populations
provided radioprotection after a myeloablative dose of total
body irradiation (TBI). These studies have confirmed and
extended previous observations regarding the use of CD34 as a
marker for canine hematopoietic progenitors.

MATERIALS AND METHODS

Cell lines and cell culture. Canine myelomonocytic leukemia cell
lines ML1,16 ML2, ML3, 1390 (CD81 leukemia), and CLGL (large
granular lymphocyte) were cultured as previously described.15 Jugular
vein endothelial cells from normal dogs were purchased from Endotech
(Indianapolis, IN) and cultured according to the manufacturer’s instruc-
tions.

Production of recombinant CD34.A CD34-murine Ig fusion pro-
tein, consisting of the extracellular domain of CD34 fused to the hinge,
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CH2, and CH3 of a murine IgG-2a Ig molecule (CD34-Ig), was
produced by transient expression in COS cells and purified as previ-
ously described.17

Anti-CD34 enzyme-linked immunosorbent assay (ELISA).The anti-
CD34 ELISA was based on a previously described protocol18 with the
following modifications. Immunlon 2 (Dynex Technologies, Chantilly,
VA) flat-bottom plates were coated with 3 µg/mL CD34-Ig diluted in
0.05 mol/L bicarbonate binding buffer, pH 9.6. Bound antibody was
detected with a 1:8,000 dilution of horseradish peroxidase (HRP)-
conjugated antimouse IgG-1 antibody (Southern Biotechnology, Bir-
mingham, AL). Bound HRP was detected with ATBS substrate
(Kirkgaard and Perry, Gaithersburg, MD)

Immunization of mice with CD34-Ig and cell lines and MoAb
production. Six-month-old Balb/c mice (obtained from Taconic, Ger-
mantown, NY), received three injections of either CD34-Ig or cells in
varying combinations and sequences. ML3 or 1390 cells (100 µL at
108/mL) were injected either subcutaneously or intraperitoneally in
phosphate-buffered saline (PBS) or intraperitoneally in adjuvant. When
using adjuvant, protein (300 µL at 500 mg/mL in PBS) was mixed with
150 µL Montanide ISA50 and 150 mL RIBI adjuvant (Ribi Immuno-
chem Research Inc, Hamilton, MT). CD34-Ig–specific antibody titers
of mouse sera were determined by ELISA. Mice were selected for
fusion based on antibody titers to CD34-Ig and a prefusion boost was
administered with CD34-Ig.

MoAbs to CD34 were produced as previously described.19 Briefly,
spleen cells from the immunized Balb/c mice were fused with NS-1/
FOX-NY myeloma cells. Viable heterokaryons were selected in RPMI
1640 medium supplemented with adenine/aminopterin/thymidine (AAT).
Cultures secreting antibody specific for CD34 were identified by ELISA
using an HRP-conjugated goat antibody (Zymed, San Francisco, CA)
specific for mouse antibodies with an IgG1 isotype and by reactivity
with ML3 and 1390 cell lines using a goat antimouse IgG fluorescein
isothiocyanate (FITC) second-stage antibody. Monoclonal hybridoma
cell lines were produced via two rounds of cloning via limiting dilution.
Large-scale MoAb production was undertaken by ascites production
using stable hybridomas. MoAb was purified from ascites using protein
G columns (Pierce, Rockford, IL) according to the manufacturer’s
instructions. Biotinylation of purified MoAb was performed using
D-biotinyl-e-aminocaproic acid N-hydroxysuccinimide ester (Boeh-
ringer Mannheim, Indianapolis, IN) according to the manufacturer’s
instructions. Isotypes of MoAbs were determined by using Isostrip
Mouse Monoclonal Antibody Isotyping Kit (Boehringer Mannheim) as
per the manufacturer’s instructions.

Western blotting. Recombinant proteins (300 ng) were separated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) using an 8% tris-glycine gel (Novex, San Diego, CA) under
reducing conditions and transferred to polyvinylidene fluoride (PVDF)
membranes. Membranes were blocked with 15 mg/mL nonfat dry milk
in PBS, blotted with 1 mg/mL MoAb-biotin conjugate, washed in 0.53

PBS/0.5% Tween-70, and then blotted with 1:5,000 streptavidin-
peroxidase in the blocking solution.

Leukemia cell lines ML1, ML3, and 1390 (2.53 105 cells) were
harvested and washed twice in PBS, and proteins were prepared by lysis
in 1% NP40 in PBS followed by removal of nuclei by centrifugation at
10,000g. Proteins (25 µg) were separated by SDS-PAGE in a 10%
polyacrylamide gel under reducing conditions and proteins were
transferred to nitrocellulose membranes. Membranes were blocked with
5% nonfat milk in PBS and then incubated with either RPaCD34 at 500
ng/mL or MoAb (2E9 or 1H6) at 2 µg/mL. After washing, blots were
incubated in blocking solution containing alkaline phosphatase-
conjugated second stage goat antirabbit or goat antimouse antibodies at
1:500 dilution (Amersham, Arlington Heights, IL). Western blots were
developed with ECL detection reagents (Amersham).

MoAb affınity determination. The binding of anti-CD34 MoAbs to
the CD34-Ig fusion protein was determined by BIAcore analysis. All
experiments were run on BIAcore 1000 or 2000 instruments20 (Pharma-
cia Biosensor, Uppsala, Sweden) at 25°C, using PBS, pH 7.4 (GIBCO
BRL Products, Life Technologies, Gaithersburg, MD) containing 0.005%
surfactant P20 (Pharmacia Biosensor) as the running buffer. The
carboxymethylated dextran matrix of research grade sensor chip CM5
(Pharmacia Biosensor) was modified using the Amine Coupling Kit
(Pharmacia Biosensor) as follows.21 Equal volumes of 0.10 mol/L
N-hydroxysuccinimide and 0.40 mol/L N-ethyl-N8-(3-dimethylamino-
propyl) carbodimide were mixed and injected to activate the surface for
7 minutes. The ligand, a solution of 10 µg/mL of CD34-Ig in 10 mmol/L
sodium formate, pH 4.0, was injected for 3 minutes. Remaining active
sites were reacted by the injection of 1 mol/L ethanolamine for 5
minutes. Immobilization of approximately 900 RU of CD34-Ig was
achieved. Each analyte was diluted in the running buffer to give a series
of concentrations between 10 and 250 nmol/L. Appropriate volumes of
these solutions were injected with a flow rate of 10 to 50 µL/min. After
the injection, flow of running buffer alone was established to allow
observation of the dissociation of bound protein. Association and
dissociation rates of each analyte were determined by curve fitting using
BIAevaluation 2.1 (Pharmacia Biosensor).22 The affinity was calculated
by dividing the dissociation rate by the association rate.

Flow cytometry. Cells were incubated with purified MoAb at 5 to
10 µg/mL or with supernatants from overgrown hybridoma cultures.
MoAbs 31A (murine IgG-1, antimurine Thy-1)23 and S5 (anticanine
CD44)24 were used as negative and positive controls, respectively.
Second-stage reagents were FITC-conjugated or phycoerythrin (PE)-
conjugated goat-antimouse polyclonal antibody, streptavidin-FITC (all
Caltag, San Francisco, CA), and streptavidin PE (Southern Biotechnol-
ogy). In two-color studies, RPaCD3415 was used at 5 mg/mL with a
PE-conjugated goat antirabbit antibody (Southern Biotechnology) as a
second-stage reagent. Cell lines and cultured endothelial cells were
incubated with MoAb for 20 minutes at 4°C, washed twice with PBS,
incubated with FITC-conjugated second-stage antibodies for 20 min-
utes at 4°C, and then washed twice with PBS. Ficoll-Hypaque–
separated BM mononuclear cells (BMMC), unfractionated hemolysed
BM, or peripheral blood mononuclear cells at 2 to 53 106/mL were
stained as previously described.15 In blocking experiments to demon-
strate specificity of MoAbs for CD34, cell lines were incubated with
MoAb (5 to 10 µg/mL), CD34-Ig (100 µg/mL), or a combination of the
two. Cells were then washed with PBS and incubated with FITC-
conjugated goat antimouse IgG antibody. Cells were washed and
resuspended in PBS/2% fetal calf serum (FCS) for analysis. To
determine whether a non–cross-blocking pair of MoAbs could be
identified, ML3 cells were incubated with saturating concentrations of
MoAb at 4°C, washed in PBS/FCS, and then stained with biotinylated
1H6 at 10 µg/mL. After further washing, cells were incubated with
avidin-PE or avidin-FITC. Cells were washed and resuspended in
PBS/FCS for FACS analysis. Flow cytometry was performed on a
FACScan (Becton Dickinson, San Jose, CA) or FACStar (Becton
Dickinson), and the list mode data were analyzed using Winlist (Verity
Software House Inc, Topsham, ME) or Cellquest software (Becton
Dickinson).

CFU-GM assays. BMMC (5 3 107/mL) were stained with MoAb
2E9 or 1H6 at 5 to 10 µg/mL as described above, resuspended in
PBS/2% horse serum, and sorted using a FACStar. Sorted CD341 and
CD342 cell fractions and control BMMC were centrifuged, resus-
pended in culture media containing recombinant canine (rc)–
granulocyte colony-stimulating factor (G-CSF), rc–stem cell factor
(rc-SCF), and rc–granulocyte-macrophage colony-stimulating factor
(rc–GM-CSF) each at 100 ng/mL, and various numbers of cells per
plate were assayed for granulocyte-macrophage progenitor cells (CFU-
GM), as previously described.25
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Long-term culture initiating cell (LTC-IC) assays.Canine LTC-IC
assays were performed as modifications of previously described proce-
dures for human studies.26-28Briefly, stromal layers were established in
T-25 flasks and fed with Iscove’s medium supplemented with 20%
horse serum, 2% L-glutamine, and 1027 mol/L hydrocortisone sodium
succinate. Stromal cells were cultured at 37°C in 5% CO2 until reaching
confluence. The adherent layers were trypsinized, washed, irradiated
(1,800 cGy using a137Cs source), and transferred to 24-well plates (33

105/plate). Two days later, the wells were seeded in triplicate with sorted
CD341 cells, CD342 cells, and BMMC at 13 104, 2 3 104, or 13 105

cells per well. Cells were cultured at 33°C in 5% CO2 and fed weekly
renewing half of the media. After 5 weeks, the adherent layers were
trypsinized. Pooled cells from the triplicates were washed and 53 104

cells plated into duplicate CFU-GM assays performed as described
above.

Immunomagnetic separation and autologous transplantation of ca-
nine BM. Beagle dogs were raised at the FHCRC and were observed
for disease for at least 60 days before entering the study. Research was
performed according to the principles outlined in the guide for
Laboratory Animal Facilities and Care prepared by the National
Academy of Sciences, National Research Council. The research proto-
col was approved by the Institutional Review Animal Care and Use
Committee of the Fred Hutchinson Cancer Research Center. The
kennels were certified by the American Association for Accreditation of
Laboratory Animal Care.

BM was aspirated from the humeri and femora of anesthetized
animals. Buffy coat was isolated by centrifugation at 600g for 15
minutes, washed in PBS/2% horse serum, and treated with hemolytic
buffer to remove red blood cells. Cells were then incubated at 13 108

cells/mL with biotinylated MoAb 1H6 at 40 µg/mL for 30 minutes at
4°C. Cells were washed in PBS/2% horse serum followed by incubation
with immunomagnetic streptavidin-coated microbeads (Miltenyi Bio-
tech, Auburn, CA), and separation was performed using a miniMACS
or VarioMACS (Miltenyi Biotech) separation device.

Dogs received a single dose of 920 cGy TBI delivered at 7 cGy per
minute from two opposing60Co sources.29 Separated cells were
resuspended in 5 to 10 mL of PBS and infused intravenously over 1 to 2
minutes within 4 hours of irradiation. The day of marrow infusion was
designated as day 0. Supportive care included parenteral fluids,
electrolytes, and irradiated blood transfusions from day25 until
recovery of the white blood cell count (WBC) to greater than 1,000/µL,
and prophylactic broad spectrum systemic antibiotics from day 0 until
the WBC recovered to greater than 1,000/µL.30

RESULTS

Production and evaluation of MoAbs to CD34.Initial
attempts to generate anti-CD34 MoAbs using CD34-Ig alone as
an immunogen failed, and there was a strong and unexpected
production of antibodies to the murine Ig portion of the fusion
protein. Because the ML2 leukemia cell line (from which the
CD34 cDNA was cloned) was found to express variable, and at
times low level, surface CD34, and because we were concerned
that CD34 epitopes on CD341 endothelial cells may differ from
those on hematopoietic cells,31 additional canine leukemia cell
lines were screened for CD34 expression with RPaCD34. Two
cell lines, ML3 and 1390, were identified that consistently
expressed high levels of cell surface CD34. Six mice were
immunized using ML3, 1390, and CD34-Ig in various combina-
tions, and sera were screened for antibody titers to CD34-Ig by
ELISA. To test whether antibodies were specific to the extracel-
lular domain of CD34, serum was also tested against a control
fusion protein that has an identical Ig amino acid sequence to

CD34-Ig. This showed that the immunization schedule was
important for generating high titer responses against the extra-
cellular domain of CD34. Antibody titers specific to CD34 were
highest when CD34-Ig was used in the first or second immuni-
zation of a schedule that included immunization with ML3 or
1390 (data not shown). Immunizations with ML3 and 1390 cells
alone did not produce measurable responses against CD34-Ig.

The spleen from one of several mice with high serum titers of
CD34-specific antibody was chosen for fusion. This animal
received a primary immunization with ML3 cells, two subse-
quent boosts with CD34-Ig and then with ML3, and a final
immunization with CD34-Ig immediately before fusion. CD34-Ig
was used in ELISA for initial screening of hybridoma culture
supernatants. Because CD34-Ig contains a murine IgG-2a
sequence, this was accomplished by using an IgG-1–specific
antibody to detect MoAb bound to CD34-Ig. ELISA screening
detected 32 hybridomas producing MoAb reactive with CD34-
Ig. Twenty-one of these had MoAb reactive with at least one of
the screening cell lines ML3 and 1390 cells when analyzed by
FACS. Further screening for MoAbs of other isotypes, per-
formed using both ML3 and 1390 cells using a general FITC
antimouse detection step, did not detect additional MoAbs
reactive with these cell lines. The positive hybridomas were
cloned by limiting dilution, and the isotypes of these MoAbs
were independently confirmed to be IgG-1.

Supernatants from hybridomas were then screened by FACS
against BMMC by both single- and two-color analysis in
combination with RPaCD34. Nine of 21 supernatants were
reactive with the same cell population (,3% of BMMC) that
was recognized by RPaCD34. Representative examples of
staining from three hybridomas are shown in Fig 1 and show a
high concordance between the cell populations recognized by
the polyclonal antiserum and the three MoAbs. Further studies
indicated that 5F11 contained two different anti-CD34 MoAbs
and that these (5F11-3 and 5F11-6) were separated by additional
limiting dilution cloning. Therefore, 10 hybridomas were
cloned and MoAbs further tested in FACS studies against
CD341 and CD342 cell targets. Each of these MoAbs reacted
with CD341 cell targets (1390, ML3, ML2, and cultured
endothelial cells) and did not react with CD342 cell lines.

Specificity of MoAbs for CD34.Five MoAbs (1H6, 2E9,
6B11, 5F11-3, and 5F11-6) were produced as ascites, purified,
and further characterized. To show specificity for CD34, several
studies were performed. First, the ML3 and 1390 leukemia cell
lines were incubated with five MoAbs and the binding assessed
by FACS analysis. All five antibodies stained a homogeneous
population of cells from both cell lines when compared with
control. Although 1390 cells were slightly brighter compared
with ML3 cells, no other differences were found. Preincubation
of the antibodies with excess CD34-Ig reduced binding to
background, demonstrating specificity (Fig 2). This was true for
both cell lines and all five MoAbs tested. Second, Western
blotting studies against CD34-Ig confirmed reactivity of biotin-
ylated MoAbs 1H6 and 2E9 to the extracellular domain of
CD34. As shown in Fig 3A, both MoAbs identified a band of the
expected molecular weight for CD34-Ig (,90 kD). This band
was absent in the lane containing control fusion protein. Third,
in Western blotting studies of the ML1, ML3, and 1390 cell
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lines, MoAb 2E9 recognized a band of approximately 110 kD in
the ML3 and 1390 cell lines (Fig 3B) that was absent in the
CD342 cell line ML1. The results were consistent with the
findings with RPaCD34 that detected a band of identical size in
ML3 and 1390 cells but not ML1.

Binding properties of the MoAbs.To assess properties of
the MoAbs that could affect staining and separations of
progenitors cells, functional affinities were determined. In
FACS studies, ML3 and 1390 cell lines were both used to also
assess any potential differences. Cells were incubated with
increasing concentrations of antibodies and the binding deter-
mined. Using ML3 cells, 1H6 and 2E9 had similar high-affinity
binding with 50% maximal binding at 1 mg/mL. Binding
showed a single affinity and was saturated at approximately 3
µg/mL. Fifty percent maximal binding was at moderate concen-
trations for 6B11 (3 µg/mL) and 5F11-6 (7 µg/mL) and lowest
for 5F11-3 (13 µg/mL). The relative binding properties of the
five MoAbs were similar against 1390 but with slightly higher
saturating concentrations. No significant differences were found
in the maximal binding for each antibody at saturating concen-
tration to suggest the antibodies were seeing any subset of
CD34 molecules. The affinities (Kd) of the five antibodies for
CD34-Ig were determined by BIAcore analysis. In these
studies, 2E9 (,0.01 nmol/L) and 6B11 (,0.03 nmol/L) had the
highest affinities (Table 1) with very low dissociation rates after
binding antigen (,5 3 1026 L/s), whereas 1H6 (0.42 nmol/L)
had lower affinity due to a faster dissociation rate (7.63 1024

L/s). Consistent with cell binding assays, 5F11-6 (0.8 nmol/L)
and 5F11-3 (1 nmol/L) had the lowest affinities. In subsequent
blocking studies (data not shown), all 10 MoAbs were able to
block binding of biotinylated 1H6 to the ML3 cell line,
suggesting that the MoAbs all recognized related epitopes. In
conclusion, the antibodies bound specifically to related epitopes
on CD34, had a range of affinities, and were unable to identify
any epitope differences between the two cell lines tested.

Characterization of CD341 cells. Although all five of the
purified MoAbs were suitable for FACS studies, 1H6 and 2E9
were selected for additional FACS studies of canine BM and
peripheral blood. Both antibodies appeared to recognize an
identical cell population in canine BM. In 10 samples of
unfractionated BM, a mean of 2.1%6 1.0% (range, 0.7% to
3.7%) CD341 cells were detected amongst the leukocyte
population. An example of this analysis is shown in Fig 4. The
CD341 cells were small to large in size with low to low-
intermediate side scatter. Larger CD341 cells gave consistently
moderately bright staining, whereas smaller CD341 cells showed
more heterogeneous CD34 expression, including a tail of cells
with dim positive staining. As compared with previous studies
using RPaCD34, it was possible to more accurately delineate
the CD341 and CD342 cell populations due to less nonspecific
staining of monocytes and granulocytes. In repeated (n. 5)
studies of steady-state unfractionated peripheral blood leuko-
cytes, less than 0.1% CD341 cells were detected.

Fig 1. Two-color staining to

screen hybridomas for MoAb to

CD34. Ficolle-separated BMMC

were stained as described in the

Materials and Methods. Cells

were first incubated with hybrid-

oma supernatants, washed, and

then incubated with RPaCD34.

Second-stage goat antirabbit PE

and goat antimouse FITC anti-

bodies were added simulta-

neously. Gates were drawn to

exclude debris and to include

cells with light scattering proper-

ties of lymphocytes and blasts.

RPaCD34-PE staining is shown

on the Y axis and staining of the

MoAb-FITC on the X axis. MoAbs

in (B), (C), and (D) give positive

staining of the population of cells

recognized by RPaCD34 as com-

pared with 31A (control), which

does not costain the CD341 cells.
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Progenitor assays. To define in vitro functional characteris-
tics of cells stained with either 2E9 or 1H6, CD341 cells were
isolated from BMMC by cell sorting and cultured in CFU-GM
assays or LTC-IC assays. Reanalysis of sorted CD341 and
CD342 fractions showed that cell purities were routinely
greater than 95% and usually 98% to 99%. In all experiments,
the CD341 population was enriched for CFU-GM as compared
with control BMMC, whereas the CD342 cell fraction was
depleted of CFU-GM. Results of four representative experi-
ments are shown in Table 2. There was considerable variation in
both the degree of CFU-GM enrichment (1.8- to 55-fold),
progenitor depletion (2.3- to 150-fold), and progenitor yields
with a constant input number of CD341 cells (2,000 cells/plate)
and BMMC or CD342 cells (both 25,000 cells/plate). In
LTC-IC assays a similar pattern of progenitor enrichment within
the CD341 cell fraction was observed and CD342 cells were
depleted of LTC-IC as compared with CD341 cells and BMMC.
Two representative examples of these experiments are shown in
Table 3.

Autologous transplantation studies.To determine in vivo
functional characteristics of CD341 cells, transplantation stud-
ies were performed using enriched progenitor cell populations
isolated by immunomagnetic positive selection of canine BM.
Marrow cell doses and engraftment kinetics were compared
with those of 16 historical control dogs32 that received unmodi-

fied fresh marrow autografts after conditioning with the same
dose of TBI. Based on results of preliminary FACS studies and
small-scale immunomagnetic separations using biotinylated
1H6, 2E9, and 6B11, we chose to use MoAb 1H6 for these
separation studies. Separation conditions were determined after

Fig 2. Staining of CD341 cell lines 1390 and ML3 with various

MoAbs (dark plots). In each case, staining is blocked by preincubation

of MoAb with CD34-Ig (dashed line). Staining of an isotype-matched

negative control is shown on each histogram as a solid line.

Fig 3. (A) Western blotting study using biotinylated MoAbs 2E9

and 1H6. Lane 1 in each panel is CD34-Ig and lane 2 in each panel is a

control fusion protein (CTLA4-Ig) that has the same murine IgG2A

sequence as CD34-Ig. 1H6 and 2E9 recognize CD34-Ig but not CTLA4-

Ig, indicating specific binding of 2E9 and 1H6 to the extracellular

domain of CD34 as expressed in the fusion construct. (B) Western

blots of cell lines ML1 (CD342), ML3, and 1390 (both CD341) using 2E9

and RPaCD34. The band for CD34 (,110 kD) is indicated by the arrow.

The other bands present on these blots were also detected in control

experiments using only the second-stage reagents.

Table 1. Binding Properties of Anti-CD34 MoAbs for CD34-Ig as

Determined by BIAcore Analysis and FACS Studies

Antibody

Name

Off

Rate

(L/sec)

On Rate

(L/[mol/s])

Kd*

(nmol/L)

50%

Saturating

Concentration

on 1390

(µg/mL)†

50%

Saturating

Concentration

on ML3

(µg/mL)†

6B11 ,5 3 1026 6.7 3 105 ,0.01 4.0 3.0

2E9 ,5 3 1026 2.2 3 105 ,0.03 1.5 1.0

1H6 3.14 3 1024 7.56 3 105 0.42 1.5 1.0

5F11-3 4.7 3 1025 5.8 3 105 0.8 21.0 13.0

5F11-6 1.7 3 1024 1.5 3 105 1 6.0 7.0

*Kd (Affinity) 5 off rate divided by on rate.

†Determined by FACS analysis.

MONOCLONAL ANTIBODIES AGAINST CANINE CD34 1981

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/91/6/1977/1419506/1977.pdf by guest on 18 M

ay 2024



several small scale separations of canine BM in which various
concentrations of beads (50 to 200 µL/13 108 cells) and 1H6 (5
to 60 µg/1 3 108 cells) were tested. CD341 enriched cell
fractions for autologous transplantation were isolated by immu-
nomagnetic adsorption from canine BM after incubation with
biotinylated 1H6 at 40 µg/mL with cells at 13 108 cells/mL,
followed by incubation with streptavidin-coated magnetic mi-
crobeads at 100 µL/ 13 108 cells with cells at 13 108 cells/mL.
CFU-GM growth from CD34 selected cells did not appear to be
inhibited by presence of the antibody-bead complex on the cells
(data not shown) and therefore no attempt was made to remove
the MoAb or beads from cells before transplant.

Details of the cell doses, cell separations, and transplant are
shown in Table 4. For two dogs (E151 and E246), cell doses
aspirated for processing were comparable to those of 16 control
dogs (3.26 2.03 108 total nucleated cells [TNC]/kg), whereas
the cell dose from E376 (7.43 107 TNC/kg) was lower. Final
cell doses used for transplantation after CD34 selection were
3.03 106/kg, 1.13 107/kg, and 1.73 106/kg, in each case less
than 3% of the total of BM cells aspirated. Purities of CD341

cell fractions obtained with a single pass through a magnetic
column were 60%, 29%, and 70%, and doses of CD341 cells
transplanted were 1.623 106/kg, 3.4 3 106/kg, and 1.213
106/kg, respectively. In 2 dogs (E151 and E246), granulocyte

recovery to an absolute neutrophil count of greater than 500/mL
occurred on days 9 and 11 after TBI (Fig 5) and on day 20 in the
third dog (E376). Platelet recovery to within normal levels was
slower than granulocyte recovery but was complete in each
case. The slowest granulocyte and platelet recovery was seen in
E376, the dog that received the lowest per kilogram dose of total
cells and CD341 cells. When compared with control dogs,
granulocyte and platelet recovery for E151 and E246 were
within or close to the range previously observed, but recovery
was slower than controls for E376, suggesting a possible effect
of cell dose on recovery. Dogs were observed from 2 to 4
months after transplant, and blood counts remained stable
without any evidence of secondary graft failure.

DISCUSSION

CD34 has previously been defined as a marker of hematopoi-
etic progenitors. It is becoming increasingly important as
technologies for large-scale separation of CD341 cells have
been applied to studies of clinical stem cell transplantation.
Despite this, good animal models in which to refine studies of
CD341 cell fractions are limited. MoAbs to human CD34, some

Table 2. Results of CFU-GM Assays of BMMC and Sorted

BMMC Populations

BMMC CD341 (enrichment)* CD342 (depletion)†

35 6 1.0 1,958 6 40 (553) 1.0 6 0 (353)

50 6 3.4 89 6 27 (1.83) 0.3 6 0.3 (1503)

61 6 12 179 6 15 (2.93) 27 6 7 (2.33)

7.6 6 2.9 70.8 6 4.2 (9.33) 1.6 6 0.9 (4.83)

Results are CFU-GM from triplicate plates, are expressed as the

mean 6 standard error measurements, and are corrected to an input

of 25,000 cells per plate.

*Enrichment 5 CFU-GM in CD341 BMMC/CFU-GM in BMMC.

†Depletion is CFU-GM in BMMC/CFU-GM in CD342 BMMC.

Table 3. LTC-IC Assays

Experiment

No. BMMC CD341 (enrichment)* CD342 (depletion)†

1 116 6 4 1880 6 50 (16.23) 9.1 6 6.5 (12.73)

2 52 6 0 360 6 40 (6.93) 3.5 6 0 (14.83)

Cells were sorted using MoAb 2E9. Fractions were grown under

long-term marrow culture conditions for 5 weeks and then 5 3 104

cells were plated into duplicate CFU assays. Results are expressed as

the mean 6 standard error measurement of CFU-GM from duplicate

plates and normalized to an input of 104 cells/LTMC. Results are shown

for comparative purposes. A precise numeric relationship between

LTC-IC frequency and week-5 CFU-GM has not been established for

dogs.

*Enrichment 5 CFU-GM in CD341 BMMC/CFU-GM in BMMC.

†Depletion is CFU-GM in BMMC/CFU-GM in CD342 BMMC.

Fig 4. Flow cytometry analy-

sis of canine BM using MoAb

1H6. Hemolyzed whole BM was

stained as described in the Mate-

rials and Methods. Cells were

incubated with propidium iodide

before analysis and cells dis-

played have been electronically

isolated from a gate that ex-

cludes debri and cells that re-

tained propidium iodide. Stain-

ing of control antibody 31A is

shown in (A). In (B), staining

with the MoAb 2E9 indicates that

1.66% of BM cells are CD341.

Analysis using other projections

indicated that CD341 cells are

small to large in size and have

low to low-intermediate side

scattering properties.
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of which cross-react with CD341 cells from nonhuman primate
species,4 have been available since 1984.1 An MoAb to murine
CD34 has only recently become available for such studies.33

However, this MoAb detected 4% to 17% CD341 cells in
murine BM,33 somewhat higher than the 1% to 5% CD341 cells
detected in human BM.1,3 Dogs have proved a valuable
preclinical model for human stem cell transplantation.13,14

However, a limitation of the canine model for studies of
hematopoiesis or stem cell transplantation has been the lack of a
useful marker to identify and enrich hematopoietic progenitors.
In this report, we have described the production of MoAbs to
canine CD34 that can be used to enrich canine progenitor cell
populations that appear functionally and phenotypically similar
to human CD341 cells. We have consistently detected approxi-

Table 4. Details of Transplants Using Autologous CD34-Selected BM

After 920 cGy TBI

Dog No. E151 E246 E376

Weight (kg) 15 9.9 13.6

BM TNC harvested (3108)/kg 2.1 3.4 0.7

Cells (3106)/kg transplanted 3.0 11.0 1.7

% of harvested BM transplanted 1.40 2.90 2.4

Purity of CD341 cells (%) 60 29 70

CD341 cells (3107) transplanted 2.7 2.9 1.7

CD341 cells (3106)/kg 1.6 3 106 3.4 3 106 1.2 3 106

CFU-GM/kg 8.4 3 104 3.6 3 104 1.2 3 104

ANC .500 (days) 11 9 20

ANC .1,000 (days) 12 10 23

Abbreviation: ANC, absolute neutrophil count.

Fig 5. Peripheral blood granu-

locyte counts (upper panel) and

platelet counts (lower panel) in

dogs that received 920 cGy TBI

followed by infusion of CD34-

selected BM cells. The range of

counts from 16 control dogs that

received unmodified BM after 920

cGy are indicated by shading.
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mately 1% to 3% CD341 cells in canine BM, similar to the
percentage of CD341 cells present in human BM. These MoAbs
should help in refining studies in several areas and facilitate the
phenotypic and functional characterization of progenitors pres-
ent in canine BM, peripheral blood, and cord blood. Application
of these MoAbs to studies of stem cell transplantation, progeni-
tor cell expansion, gene therapy, and culture of canine dendritic
cells is anticipated.

Two reagents were developed that proved critical in making
these MoAbs. The first was a fusion protein, CD34-Ig, made for
immunization and screening strategies. This allowed production
of the second, an affinity-purified polyclonal antiserum
RPaCD34, which was used to identify cell lines expressing
CD34, to screen antibody from hybridomas, and to carry out
preliminary characterization of canine CD34.15 After failure
initially to generate MoAbs to CD34, we found that to generate
high levels of anti-CD34 specific response, it was important to
use immunization schedules that included both CD34-Ig and
CD341 leukemia cell lines. CD34-specific responses were not
detected after immunization of mice with CD341 cell lines
alone. Although 10 MoAbs were made, each MoAb was able to
block the binding of 1H6 to CD341 cell lines, indicating that
they all recognized identical or overlapping epitopes. Therefore,
more detailed characterization was limited to five MoAbs
initially, and then later to two high-affinity MoAbs, 2E9 and
1H6, for evaluation of canine progenitors. Differences in
marrow cell populations recognized by these two MoAbs were
not identified by FACS analysis. However, in Western blotting
studies, 2E9 was superior to 1H6, most likely because of its
higher affinity for CD34. The reactivity of these MoAbs to
CD34-Ig and native CD34 in Western blotting studies indicated
that they were not dependent on the tertiary structure of CD34
for their binding.

Reactivity of these MoAbs to CD34 was confirmed by
ELISA studies, in studies that used CD34-Ig to block binding to
CD341 cell lines, and by Western blotting of CD34-Ig and
leukemia cell lines. The enrichment and depletion of progenitor
cells in BM fractions isolated by cell sorting was consistent with
binding of MoAb to CD34 on BM cells. Specificity of the
MoAbs for CD34 was suggested by the lack of binding of
MoAbs to CD342 cell lines as previously defined by the
polyclonal antiserum and molecular studies,15 by blocking
studies with CD34-Ig, and by restricted binding to a small
population of BM cells that were not detected in peripheral
blood. Overall, the properties suggested that we had produced
several high-affinity MoAbs that should be suitable for specifi-
cally isolating highly enriched progenitor cell populations for
further characterization and transplant studies. In addition,
preliminary immunohistochemistry studies of frozen or paraffin
sections from canine tissues showed that 1H6 and 2E9 stained
vascular endothelial cells (data not shown), suggesting a
possible use of these MoAbs for studying canine endothelial
cells. The reactivity of the MoAb 1H6 and 2E9 in paraffin
sections, frozen sections, and in Western blotting studies was a
pattern described for class II epitopes but not class I or class III
epitopes of human CD34.34

An important consideration for future studies to characterize
canine progenitors is whether these MoAbs recognize all

subsets of BM CD341 cells. The presence of CD34 isoforms,
most likely mediated through posttranslational protein modifica-
tions, has been shown in mice in which L-selectin could bind
CD34 on vascular endothelium but not CD34 on murine
hematopoietic cells.31 Also, we have observed that cultured
canine endothelial cells express a lower molecular weight form
of CD34 than leukemic cell lines.15 Functionally significant
different isoforms of CD34 that can be defined by flow
cytometry within normal human BM have not been reported,
although their presence is a possibility, as suggested by variable
staining of CD341 human leukemia samples with different
MoAbs to human CD34.34 Therefore, the use of MoAbs that
recognize all CD341 BM cells may be an important prerequisite
for accurately defining phenotypic and functional characteris-
tics of CD341 and CD342 progenitor cell populations. Two-
color flow cytometry studies (Fig 1) showed that there was
concordance between the cell population recognized by the
polyclonal antiserum (recognizing multiple epitopes of CD34)
and the MoAbs. Therefore, these MoAbs appeared to recognize
an epitope(s) expressed on all BM CD341 cells and should be
suitable for defining CD341 BM subsets.

The findings that purified CD341 BM cells were enriched for
hematopoietic progenitors and that CD342 cells were depleted
of those progenitors suggested that a high proportion of canine
progenitors express CD34. We found there was some variability
in the degree of progenitor enrichment and growth found in the
sorted CD341 cell populations. Because conditions for culture
of purified canine progenitors have not yet been well defined
and may differ from those of unfractionated BMMC and
because of the use of a limited number of canine specific
cytokines in CFU-GM assays, further modification of the
culture conditions and additional canine-specific cytokines may
be needed to more accurately define the degree of progenitor
enrichment in CD341 cells as compared with BMMC.

Results of these initial transplant studies showed that it was
unnecessary to remove the MoAb-bead complex from the CD34
selected cells before infusion to achieve engraftment. Complete
and relatively prompt hematopoietic recovery was observed
after treatment with a TBI dose greater than 2.5 times the LD99

dose for dogs29 despite infusion of cell doses comprising less
than 3% of the starting marrow inoculum. Effects of marrow
cell dose on engraftment were observed in a previous canine
autologous transplant dose finding study35 that used cryopre-
served unmodified BM. At cell doses between 1.03 107/kg and
1.03 108/kg, there was a correlation of cell dose with speed of
granulocyte engraftment and death with engraftment failure. At
total nucleated cell doses of less than 2.53 107/kg, engraftment
failure was usually observed, and at cell doses between 2.5 and
5.0 3 107/kg, engraftment failure or delayed granulocyte
recoveries were seen. In a second study36 at BMMC doses of
greater than 1.03 107/kg and less than 1.53 107/kg,
engraftment failure occurred in 7 of 7 dogs. As cell fractions
transplanted in this study were substantially enriched for
CD341 cells, these results strongly suggest that the radioprotec-
tive functions of these grafts were provided by CD341 cells
rather than other cell populations. Results of these in vitro and
in vivo studies support an hypothesis that CD34 is a highly
conserved marker of hematopoietic progenitors. By analogy to
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human and mouse data, it is expected that canine CD341 cells
will have long-term repopulating ability even though, as
suggested by murine studies,37 there may be CD342 cells that
can also provide this function. We plan to test this by allogeneic
transplantation of highly purified CD341 cell populations
isolated by cell sorting and posttransplant studies to evaluate the
presence of long-term multilineage donor hematopoiesis.
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