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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 CD34+ cells and to
facilitate preclinical canine stem cell transplant studies,
monoclonal antibodies (MoAbs) were raised to CD34. A

cells, whereas CD34~ cells were depleted of progenitors.
Three autologous transplants were performed with CD34*
cell fractions enriched by immunomagnetic separation. After
marrow ablative total body irradiation (920 cGy), prompt
hematopoietic recovery was seen with transplanted cell
doses of =1.1 x 107 /kg that were 29% to 70% CD34+.

panel of 10 MoAbs was generated that reacted with recombi-
nant CD34 and with CD34+* cell lines and failed to react with
CD34~ cell lines. Binding properties of five purified MoAbs
were determined by BlAcore 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 CD34*. Purified CD34* 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

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
CD34* 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.

© 1998 by The American Society of Hematology.

HE EXPRESSION OF CD34 on hematopoietic cells is CD34 were identified, and two, 1H6 and 2E9, were character-
developmentally regulated in hematopoiesis such that itszed in studies to isolate cell populations enriched for canine

expression is lost beyond the committed progenitor stdge. marrow progenitors. Results of initial autologous transplant
This pattern of expression allowed for the use of monoclonalstudies, performed using cell populations enriched for CD34
antibodies (MoAbs) to human CD34 to selectively isolate for cells with MoAb 1H6, showed that these cell populations
the purpose of transplantation small subpopulations from bon@rovided radioprotection after a myeloablative dose of total
marrow (BM) that are highly enriched for progenitdsMore body irradiation (TBI). These studies have confirmed and
recently, peripheral blood progenitor cells collected after mobi-e€xtended previous observations regarding the use of CD34 as a
lization with growth factors and/or chemotherapy have beenmarker for canine hematopoietic progenitors.
enriched from leukapheresis products by CD34 selection tech-
niques for use in transplantatiéf.CD34 selection facilitates
tumor cell removal from autograft8 and T-cell depletion of Cell lines and cell culture. Canine myelomonocytic leukemia cell
allografts to prevent graft-versus-host disease (GVAD). lines ML1® ML2, ML3, 1390 (CD8&" leukemia), and CLGL (large
Separations of CD34 cells for transplantation have been granular lymphocyte) were cultured as previously describédgular

accomplished using immunoadsorption coluffispmunomag- vem_endothehal cells from normal dog's were purchased from‘Epdotech
. 1 ; . (Indianapolis, IN) and cultured according to the manufacturer’s instruc-
netic bead4! and high-speed cell sortir§.

. . tions
Canine models of autologous and allogeneic stem cell' pyoqyction of recombinant CD34.A CD34-murine Ig fusion pro-

transplantation have been important for studies concerningein, consisting of the extracellular domain of CD34 fused to the hinge,
GVHD, recombinant hematopoietic growth factors, and gene

therapy. These models have proved predictive of clinical
findings in humans34Therefore, a marker for identifying and  From the Clinical Research Division, Fred Hutchinson Cancer
isolating canine hematopoietic progenitors that would facilitateResearch Center, Seattle, WA; the University of Washington, Seattle,
graft manipulation may allow for further insights to be gained WA; and Bristol-Myers Squibb Pharmaceutical Research Institute,
through canine studies. Recently, we cloned both the cDNA andPeattie, WA.

gene for the canine homologue of CDBA recombinant CD34 ~ Submitted August 4, 1997; accepted November 10, 1997.

ine Iq fusi | le (CD34-1 d ) Supported in part by Grants No. HL03701, DK42716, HL36444,
murine Ig fusion molecule ( -lg) was used as an iImmuno~y, s4aq1 " cp47748, CA31787, AI37747, and AIB5003 from the Na-

gen to generate an affi_nity-purifit_ad polyclonal antiserum gqna) |nstitutes of Health, Department of Health and Human Services

(RPaCD34) that reacted with approximately 1% of BM cells, a (gethesda, MD). Support was also received from a prize awarded by the

cell population that was highly enriched for colony-forming Josef Steiner Krebsstiftung, Bern, Switzerland. L.K.-B. was a postdoc-

unit—-granulocyte-macrophage (CFU-GM). However, use of atoral fellow from the Department of Experimental Biology and Medi-

polyclonal antiserum was suboptimal for precise fluorescencecine, Rudjer Boskovic Institute, Zagreb, Croatia. _

activated cell sorting (FACS) studies and for large-scale cell Address reprint requests to Peter A. McSweeney, MD, Fred Hutchin-

separations. son Cancer Research Center, 1124 Columbia St, M318, Seattle, WA
This report describes the production of MoAbs that react with98104. N .

canine CD34, which was necessary to better characteriz The publication costs of this article were defrayed in part by page

. T L . . gharge payment. This article must therefore be hereby markegér-

CD34" cells by in vitro and in vivo functlonal .studles and tlo tisementin accordance with 18 U.S.C. section 1734 solely to indicate

develop technology for transplantation of enriched progenitorinis fact.

cell populations. Ten hybridomas were cloned that produced © 1998 by The American Society of Hematology.

MoAb against CD34. Several high-affinity MoAbs specific for ~ 0006-4971/98/9106-0014$3.00/0

MATERIALS AND METHODS
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CH2, and CH3 of a murine 1gG-2a Ig molecule (CD34-1g), was MoAb affinity determination. The binding of anti-CD34 MoAbs to
produced by transient expression in COS cells and purified as previthe CD34-Ig fusion protein was determined by BlAcore analysis. All
ously described’ experiments were run on BlAcore 1000 or 2000 instruntéiigharma-
Anti-CD34 enzyme-linked immunosorbent assay (ELISAhe anti- cia Biosensor, Uppsala, Sweden) at 25°C, using PBS, pH 7.4 (GIBCO
CD34 ELISA was based on a previously described protdeuith the BRL Products, Life Technologies, Gaithersburg, MD) containing 0.005%
following modifications. Immunlon 2 (Dynex Technologies, Chantilly, surfactant P20 (Pharmacia Biosensor) as the running buffer. The
VA) flat-bottom plates were coated with 3 pug/mL CD34-Ig diluted in carboxymethylated dextran matrix of research grade sensor chip CM5
0.05 mol/L bicarbonate binding buffer, pH 9.6. Bound antibody was (Pharmacia Biosensor) was modified using the Amine Coupling Kit
detected with a 1:8,000 dilution of horseradish peroxidase (HRP){(Pharmacia Biosensor) as follo#sEqual volumes of 0.10 mol/L
conjugated antimouse IgG-1 antibody (Southern Biotechnology, Bir-N-hydroxysuccinimide and 0.40 mol/L N-ethyl-{3-dimethylamino-

mingham, AL). Bound HRP was detected with ATBS substrate Propyl) carbodimide were mixed and injected to activate the surface for
(Kirkgaard and Perry, Gaithersburg, MD) 7 minutes. The ligand, a solution of 10 pg/mL of CD34-Ig in 10 mmol/L

Immunization of mice with CD34-lg and cell lines and MoAb Sodium formate, pH 4.0, was injected for 3 minutes. Remaining active

production. Six-month-old Balb/c mice (obtained from Taconic, Ger- Sites were reacted by the injection of 1 mol/L ethanolamine for 5
mantown, NY), received three injections of either CD34-Ig or cells in Minutes. Immobilization of approximately 900 RU of CD34-Ig was
varying combinations and sequences. ML3 or 1390 cells (100 L achieved. Eaf:h analyte was diluted in the running buffer_to give a series
10%/mL) were injected either subcutaneously or intraperitoneally in O concentrations between 10 and 250 nmol/L. Appropriate volumes of
phosphate-buffered saline (PBS) or intraperitoneally in adjuvant. Wher{1€S€ solutions were injected with a flow rate of 10 to 50 uL/min. After
using adjuvant, protein (300 pL at 500 mg/mL in PBS) was mixed with the injection, flow of running buffer alone was established to allow

150 uL Montanide ISA50 and 150 mL RIBI adjuvant (Ribi Immuno- observation of the dissociation of bound protein. Association and
chem Research Inc, Hamilton, MT). CD34-Ig—specific antibody titers dissociation rates of each analyte were determined by curve fitting using

of mouse sera were determined by ELISA. Mice were selected meIAevaIuatlon 2.1 (Pharmacia Biosensét) he affinity was calculated

fusion based on antibody titers to CD34-Ig and a prefusion boost Wagy':dllwdlng the (ttilssoccu?ltlon rate_ by tgetacs‘soilhatlon_fr_atje.M Ab at 5 t
administered with CD34-Ig. ow cytometry. Cells were incubated with purified MoAb at 5 to

MoAbs to CD34 were produced as previously descrifeBriefly, I:\LAonggmsl’_ 12 (vn\glltjr:i::r:eg_altar;;stigirgngv?;]grd%v;\nzygr;d&n;;lcglélitrl‘ges.
spleen cells from the immunized Balb/c mice were fused with NS-1/ 9= y

" ) z .
FOX-NY myeloma cells. Viable heterokaryons were selected in RPMI ggﬁot)z_g:ree :::de:tz nweegrztI;ngTor?ﬁsgt\gj %?mLOI(S:’O;;E‘(;?\(/S%_
1640 medium supplemented with adenine/aminopterin/thymidine (AAT). 9 9 g phy

- . - . o conjugated goat-antimouse polyclonal antibody, streptavidin-FITC (all
Cu_Itures secreting ?ntlbOdy specmc_for CD34 were identified b_y ELISA Caltag, San Francisco, CA), and streptavidin PE (Southern Biotechnol-
using an HRP-conjugated goat antibody (Zymed, San Francisco, CA

gy). In two-color studies, RECD34'> was used at 5 mg/mL with a

SPeC'f'C for mouse antlbgdles W,'th an lgG1 |sptype and by reaCt'V't_yPE—conjugated goat antirabbit antibody (Southern Biotechnology) as a
with ML3 and 1390 cell lines using a goat antimouse IgG fluoresceingqcny stage reagent. Cell lines and cultured endothelial cells were

isothiocyanate (FITC) second-stage antibody. Monoclonal hybridoma\ncubated with MoAb for 20 minutes at 4°C, washed twice with PBS,
cell lines were produced via two rounds of cloning via limiting dilution. incubated with FITC-conjugated second-stage antibodies for 20 min-
Large-scale MoAb production was undertaken by ascites productionjag at 4°C, and then washed twice with PBS. Ficoll-Hypaque—
using stable hybridomas. MoAb was purified from ascites using pro’[eir‘separated BM mononuclear cells (BMMC), unfractionated hemolysed
G columns (Pierce, Rockford, IL) according to the manufacturer's gy or peripheral blood mononuclear cells at 2 to<510f/mL were
instructions. Biotinylation of purified MoAb was performed using stained as previously describ&dln blocking experiments to demon-
D-biotinyl-e-aminocaproic acid N-hydroxysuccinimide ester (Boeh- strate specificity of MoAbs for CD34, cell lines were incubated with
ringer Mannheim, Indianapolis, IN) according to the manufacturer's ppAp (5 to 10 ug/mL), CD34-1g (100 pg/mL), or a combination of the
instructions. Isotypes of MoAbs were determined by using Isostripywo. Cells were then washed with PBS and incubated with FITC-
Mouse Monoclonal Antibody Isotyping Kit (Boehringer Mannheim) as conjugated goat antimouse IgG antibody. Cells were washed and
per the manufacturer’s instructions. resuspended in PBS/2% fetal calf serum (FCS) for analysis. To
Western blotting. Recombinant proteins (300 ng) were separated by determine whether a non—cross-blocking pair of MoAbs could be
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-dentified, ML3 cells were incubated with saturating concentrations of
PAGE) using an 8% tris-glycine gel (Novex, San Diego, CA) under pMoAb at 4°C, washed in PBS/FCS, and then stained with biotinylated
reducing conditions and transferred to polyvinylidene fluoride (PVDF) 1H6 at 10 pg/mL. After further washing, cells were incubated with
membranes. Membranes were blocked with 15 mg/mL nonfat dry milkavidin-PE or avidin-FITC. Cells were washed and resuspended in
in PBS, blotted with 1 mg/mL MoAb-biotin conjugate, washed inX0.5  PBS/FCS for FACS analysis. Flow cytometry was performed on a
PBS/0.5% Tween-70, and then blotted with 1:5,000 streptavidin-FACScan (Becton Dickinson, San Jose, CA) or FACStar (Becton
peroxidase in the blocking solution. Dickinson), and the list mode data were analyzed using Winlist (Verity
Leukemia cell lines ML1, ML3, and 1390 (2.5 10° cells) were  Software House Inc, Topsham, ME) or Cellquest software (Becton
harvested and washed twice in PBS, and proteins were prepared by lysiSickinson).
in 1% NP40 in PBS followed by removal of nuclei by centrifugationat ~ CFU-GM assays. BMMC (5 X 107/mL) were stained with MoAb
10,00®. Proteins (25 pg) were separated by SDS-PAGE in a 10%2E9 or 1H6 at 5 to 10 pg/mL as described above, resuspended in
polyacrylamide gel under reducing conditions and proteins werePBS/2% horse serum, and sorted using a FACStar. Sorted Caxgd
transferred to nitrocellulose membranes. Membranes were blocked witiCD34~ cell fractions and control BMMC were centrifuged, resus-
5% nonfat milk in PBS and then incubated with eitherRI®34 at 500 pended in culture media containing recombinant canine (rc)—
ng/mL or MoAb (2E9 or 1H6) at 2 pg/mL. After washing, blots were granulocyte colony-stimulating factor (G-CSF), rc—stem cell factor
incubated in blocking solution containing alkaline phosphatase-(rc-SCF), and rc—granulocyte-macrophage colony-stimulating factor
conjugated second stage goat antirabbit or goat antimouse antibodies @t—GM-CSF) each at 100 ng/mL, and various numbers of cells per
1:500 dilution (Amersham, Arlington Heights, IL). Western blots were plate were assayed for granulocyte-macrophage progenitor cells (CFU-
developed with ECL detection reagents (Amersham). GM), as previously described.
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Long-term culture initiating cell (LTC-IC) assaysCanine LTC-IC CD34-lg. This showed that the immunization schedule was
assays were performed as modifications of previously described procmportant for generating high titer responses against the extra-
dures for human studié828 Briefly, stromal layers were established in  g||ular domain of CD34. Antibody titers specific to CD34 were
T-25 flasks and fed with Iscove’s medium supplemented with ZO%higheSt when CD34-Ig was used in the first or second immuni-
horse serum, 2% L-glutamine, and-¥mol/L hydrocortisone sodium . . . L .

zation of a schedule that included immunization with ML3 or

succinate. Stromal cells were cultured at 37°C in 5% GQil reaching L .
confluence. The adherent layers were trypsinized, washed, irradiateaggo (data not shown). Immunizations with ML3 and 1390 cells

(1,800 cGy using &'Cs source), and transferred to 24-well plates((3 alone did not produce measurable responses against CD34-Ig.
1¥/plate). Two days later, the wells were seeded in triplicate with sorted  The spleen from one of several mice with high serum titers of
CD34* cells, CD34 cells, and BMMC at 1X 104 2 X 10% or 1 X 1(° CD34-specific antibody was chosen for fusion. This animal
cells per well. Cells were cultured at 33°C in 5% £&nd fed weekly ~ received a primary immunization with ML3 cells, two subse-
renewing half of the media. After 5 weeks, the adherent layers weregquent boosts with CD34-lg and then with ML3, and a final
trypsinized. Pooled cells from the triplicates were washed ard1%* immunization with CD34-Ig immediately before fusion. CD34-Ig
cells plated into duplicate CFU-GM assays performed as describe%as used in ELISA for initial screening of hybridoma culture

above. . .
. . . supernatants. Because CD34-lg contains a murine 1gG-2a
Immunomagnetic separation and autologous transplantation of ca-

nine BM. Beagle dogs were raised at the FHCRC and were observeG€dUeNce, this was accomplished by using an IgG-1-specific

for disease for at least 60 days before entering the study. Research waitibody to detegt MoAb bound.to CD34-lg. EL.ISA spreening
performed according to the principles outlined in the guide for detected 32 hybridomas producing MoAb reactive with CD34-

Laboratory Animal Facilities and Care prepared by the Nationallg. Twenty-one of these had MoAb reactive with at least one of
Academy of Sciences, National Research Council. The research protdhe screening cell lines ML3 and 1390 cells when analyzed by
col was approved by the Institutional Review Animal Care and UseFACS. Further screening for MoAbs of other isotypes, per-
Committee of the Fred Hutchinson Cancer Research Center. Thggrmed using both ML3 and 1390 cells using a general FITC
kennels were certified by the American Association for Accreditation Ofantimouse detection step, did not detect additional MoAbs

Laboratory Animal Care. . . - - .
BM was aspirated from the humeri and femora of anesthetize OIreactlve with these cell lines. The positive hybridomas were

animals. Buffy coat was isolated by centrifugation at G0r 15 cloned by limiting dilution, and the isotypes of these MoAbs

minutes, washed in PBS/2% horse serum, and treated with hemolyti?/e"e independently confirmed to be IgG-1.
buffer to remove red blood cells. Cells were then incubated>at110? Supernatants from hybridomas were then screened by FACS

cells/mL with biotinylated MoAb 1H6 at 40 pg/mL for 30 minutes at against BMMC by both single- and two-color analysis in

4°C. Cells were washed in PBS/2% horse serum followed by incubatiorcombination with RRCD34. Nine of 21 supernatants were

with immunomagnetic streptavidin-coated microbeads (Miltenyi Bio- reactive with the same cell populatiorr 8% of BMMC) that

tech, Auburn, CA), and separation was performed using a miniMACSWas recognized by RIECD34. Representative examp|es of

or VarioMACS (Miltenyi Biotech) separation device. staining from three hybridomas are shown in Fig 1 and show a
Dogs received a single dose of 920 cGy TBI delivered at 7 cGy perhighy concordance between the cell populations recognized by
: i A

:ngstee:gg i;"‘gotoofg (r)nsl'_ngf;cgs Z(I:’)]L(Jiri?’] ?i-sez?r?t? ;%teer?oucselnsov‘g'frleto %he polyclonal antiserum and the three MoAbs. Further studies

P Y indicated that 5F11 contained two different anti-CD34 MoAbs

minutes within 4 hours of irradiation. The day of marrow infusion was .
designated as day 0. Supportive care included parenteral quids‘?nd that these (SF11-3 and 5F11-6) were separated by additional

electrolytes, and irradiated blood transfusions from da§ until limiting dilution cloning. Thereforez 10 hybridomas were
recovery of the white blood cell count (WBC) to greater than 1,000/uL, cloned and MoAbs further tested in FACS studies against
and prophylactic broad spectrum systemic antibiotics from day 0 untiiCD34* and CD34 cell targets. Each of these MoAbs reacted

the WBC recovered to greater than 1,0007L. with CD34" cell targets (1390, ML3, ML2, and cultured
endothelial cells) and did not react with CD3dell lines.
RESULTS Specificity of MoAbs for CD34.Five MoAbs (1H6, 2E9,

Production and evaluation of MoAbs to CD34lnitial 6B11, 5F11-3, and 5F11-6) were produced as ascites, purified,
attempts to generate anti-CD34 MoAbs using CD34-Ig alone agnd further characterized. To show specificity for CD34, several
an immunogen failed, and there was a strong and unexpectestudies were performed. First, the ML3 and 1390 leukemia cell
production of antibodies to the murine Ig portion of the fusion lines were incubated with five MoAbs and the binding assessed
protein. Because the ML2 leukemia cell line (from which the by FACS analysis. All five antibodies stained a homogeneous
CD34 cDNA was cloned) was found to express variable, and apopulation of cells from both cell lines when compared with
times low level, surface CD34, and because we were concernecbntrol. Although 1390 cells were slightly brighter compared
that CD34 epitopes on CD34ndothelial cells may differ from  with ML3 cells, no other differences were found. Preincubation
those on hematopoietic cefisadditional canine leukemia cell of the antibodies with excess CD34-lg reduced binding to
lines were screened for CD34 expression witttRBP34. Two  background, demonstrating specificity (Fig 2). This was true for
cell lines, ML3 and 1390, were identified that consistently both cell lines and all five MoAbs tested. Second, Western
expressed high levels of cell surface CD34. Six mice wereblotting studies against CD34-Ig confirmed reactivity of biotin-
immunized using ML3, 1390, and CD34-Ig in various combina- ylated MoAbs 1H6 and 2E9 to the extracellular domain of
tions, and sera were screened for antibody titers to CD34-1g byCD34. As shown in Fig 3A, both MoAbs identified a band of the
ELISA. To test whether antibodies were specific to the extracel-expected molecular weight for CD34-1g-00 kD). This band
lular domain of CD34, serum was also tested against a controlvas absent in the lane containing control fusion protein. Third,
fusion protein that has an identical Ig amino acid sequence tin Western blotting studies of the ML1, ML3, and 1390 cell
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lines, MoAb 2E9 recognized a band of approximately 110 kD inL/s). Consistent with cell binding assays, 5F11-6 (0.8 nmol/L)
the ML3 and 1390 cell lines (Fig 3B) that was absent in theand 5F11-3 (1 nmol/L) had the lowest affinities. In subsequent
CD34 cell line ML1. The results were consistent with the blocking studies (data not shown), all 10 MoAbs were able to
findings with RRxCD34 that detected a band of identical size in plock binding of biotinylated 1H6 to the ML3 cell line,
ML3 and 1390 cells but not ML1. suggesting that the MoAbs all recognized related epitopes. In
Binding properties of the MoAbs.To assess properties of conclusion, the antibodies bound specifically to related epitopes
the MoAbs that could affect staining and separations ofyn cp34, had a range of affinities, and were unable to identify
progenitors cells, functional affinities were determined. In any epitope differences between the two cell lines tested.
FACS studies, ML3 and 1390 cell lines were both used to also Characterization of CD34 cells. Although all five of the
assess any potential_ difference_s. C_ells were in(_:ub_ated wit urified MoAbs were suitable for FACS studies, 1H6 and 2E9
increasing concentrations of antibodies anq the bl_ndlng .d?te were selected for additional FACS studies of canine BM and
mined. Using ML3 cells, 1H6 and 2E9 had similar high-affinity . R .
binding with 50% maximal binding at 1 mg/mL. Binding peripheral blood. Both antibodies appeared to recognize an

. - . identical cell population in canine BM. In 10 samples of
showed a single affinity and was saturated at approximately -
pg/mL. Fifty percent maximal binding was at moderate Concen_unfractlonated BM, a mean of 2.1% 1.0% (range, 0.7% to
trations for 6B11 (3 pg/mL) and 5F11-6 (7 pg/mL) and Iowest3'7%) ¢D3¢ cells were dgtected gnjongst thg Igukocyte
for 5F11-3 (13 pg/mL). The relative binding properties of the population. An example of this anaI.yS|s‘|s shqwn in Fig 4. The
five MoAbs were similar against 1390 but with slightly higher CP34" cells were small to large in size with low to low-
saturating concentrations. No significant differences were foundtermediate side scatter. Larger CD3zells gave consistently
in the maximal binding for each antibody at saturating concen-Mmoderately bright staining, whereas smaller CD8élls showed
tration to suggest the antibodies were seeing any subset dfore heterogeneous CD34 expression, including a tail of cells
CD34 molecules. The affinities (K of the five antibodies for ~ With dim positive staining. As compared with previous studies
CD34-lg were determined by BlAcore analysis. In these using RRXCD34, it was possible to more accurately delineate
studies, 2E9<0.01 nmol/L) and 6B11<0.03 nmol/L) had the the CD34 and CD34 cell populations due to less nonspecific
highest affinities (Table 1) with very low dissociation rates after staining of monocytes and granulocytes. In repeated- (8§)
binding antigen €5 X 1076 L/s), whereas 1H6 (0.42 nmol/L) studies of steady-state unfractionated peripheral blood leuko-
had lower affinity due to a faster dissociation rate (X.@0-* cytes, less than 0.1% CD34ells were detected.
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Fig 2. Staining of CD34+* cell lines 1390 and ML3 with various
MoAbs (dark plots). In each case, staining is blocked by preincubation Fig 3. (A) Western blotting study using biotinylated MoAbs 2E9
of MoAb with CD34-Ig (dashed line). Staining of an isotype-matched and 1H6. Lane 1 in each panel is CD34-Ig and lane 2 in each panel is a
negative control is shown on each histogram as a solid line. control fusion protein (CTLA4-1g) that has the same murine 1IgG2A

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

. T ; i« lg, indicating specific binding of 2E9 and 1H6 to the extracellular
Progenitor assays. To define in vitro functional characteris domain of CD34 as expressed in the fusion construct. (8) Western

tics of cells stained with either 2E9 or 1H6, CD3dells were s of cell lines ML1 (CD34-), ML3, and 1390 (both CD34+) using 2E9
isolated from BMMC by cell sorting and cultured in CFU-GM  and RPaCD34. The band for CD34 (~110 kD) is indicated by the arrow.
assays or LTC-IC assays. Reanalysis of sorted CD&dAd The other bands present on these blots were also detected in control
CD34~ fractions showed that cell purities were routinely exPeriments usingonly the second-stage reagents.

greater than 95% and usually 98% to 99%. In all experiments,

the CD34 population was enriched for CFU-GM as compared fied fresh marrow autografts after conditioning with the same
with control BMMC, whereas the CD34cell fraction was dose of TBI. Based on results of preliminary FACS studies and
depleted of CFU-GM. Results of four representative experi-small-scale immunomagnetic separations using biotinylated
ments are shown in Table 2. There was considerable variation i#H6, 2E9, and 6B11, we chose to use MoAb 1H6 for these
both the degree of CFU-GM enrichment (1.8- to 55-fold), separation studies. Separation conditions were determined after

progenitor depletion (2.3- to 150-fold), and progenitor yields

with a constant input number of CD34ells (2,000 cells/plate) Table 1. Binding Properties of Anti-CD34 MoAbs for CD34-Ig as
and BMMC or CD34 cells (both 25,000 cells/plate). In Determined by BlAcore Analysis and FACS Studies
LTC-IC assays a similar pattern of progenitor enrichment within 50% 50%
the CD34 cell fraction was observed and CD34ells were o Cf:;g;i‘:;in Cj::z;‘:;z .
depleted of LTC-IC as compared with CD3dells and BMMC. Antibody ~ Rate On Rate Kg* on 1390 on ML3
Two representative examples of these experiments are shown inName (Lisec) (L[molis)) (nmol/L)  (ug/mL)t (ng/mL)t
Table 3. 6B11  <5x 106 6.7 X105 <0.01 40 3.0
Autologous transplantation studiesTo determine in vivo 2E9 <5X 106 22X 105 <0.03 1.5 1.0
functional characteristics of CD34cells, transplantation stud-  1Hé 3.14 X 1074 7.56 X 105  0.42 15 1.0
ies were performed using enriched progenitor cell populations 5F11-3 4.7 X 105 5.8 x 10° 0.8 21.0 13.0
isolated by immunomagnetic positive selection of canine BM. 5F11-6 17X 104 15x10° 1 6.0 7.0

Marrow cell doses and engraftment kinetics were compared *k, (Affinity) = off rate divided by on rate.
with those of 16 historical control dotfthat received unmodi- tDetermined by FACS analysis.
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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
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several small scale separations of canine BM in which variougecovery to an absolute neutrophil count of greater than 500/mL
concentrations of beads (50 to 200 u1(B cells) and 1H6 (5  occurred on days 9 and 11 after TBI (Fig 5) and on day 20 in the
to 60 pg/l x 10° cells) were tested. CD34enriched cell third dog (E376). Platelet recovery to within normal levels was
fractions for autologous transplantation were isolated by immu-slower than granulocyte recovery but was complete in each
nomagnetic adsorption from canine BM after incubation with case. The slowest granulocyte and platelet recovery was seen in
biotinylated 1H6 at 40 pg/mL with cells at % 1C® cells/mL, E376, the dog that received the lowest per kilogram dose of total
followed by incubation with streptavidin-coated magnetic mi- cells and CD34 cells. When compared with control dogs,
crobeads at 100 pL/ X 108 cells with cells at X 10° cells/mL. granulocyte and platelet recovery for E151 and E246 were
CFU-GM growth from CD34 selected cells did not appear to bewithin or close to the range previously observed, but recovery
inhibited by presence of the antibody-bead complex on the cellsvas slower than controls for E376, suggesting a possible effect
(data not shown) and therefore no attempt was made to removef cell dose on recovery. Dogs were observed from 2 to 4
the MoAb or beads from cells before transplant. months after transplant, and blood counts remained stable
Details of the cell doses, cell separations, and transplant areithout any evidence of secondary graft failure.
shown in Table 4. For two dogs (E151 and E246), cell doses
aspirated for processing were comparable to those of 16 control DISCUSSION
dogs (3.2+ 2.0 X 1C®total nucleated cells [TNC]/kg), whereas  CD34 has previously been defined as a marker of hematopoi-
the cell dose from E376 (7.4 10" TNC/kg) was lower. Final  etic progenitors. It is becoming increasingly important as
cell doses used for transplantation after CD34 selection wergechnologies for large-scale separation of CD3%lls have
3.0 10°/kg, 1.1x 107/kg, and 1.7< 10¥/kg, in each case less been applied to studies of clinical stem cell transplantation.
than 3% of the total of BM cells aspirated. Purities of CD34 Despite this, good animal models in which to refine studies of
cell fractions obtained with a single pass through a magneticCD34 cell fractions are limited. MoAbs to human CD34, some
column were 60%, 29%, and 70%, and doses of CD&dlls
transplanted were 1.6% 10°kg, 3.4 X 10°kg, and 1.21x

. Table 3. LTC-IC Assays
1(P/kg, respectively. In 2 dogs (E151 and E246), granulocyte

Experiment
No. BMMC CD34* (enrichment)* CD34~ (depletion)t
Table 2. Results of CFU-GM Assays of BMMC and Sorted
BMMC Populations 1 116 = 4 1880 + 50 (16.2X) 9.1 £ 6.5(12.7X)
2 52 =0 360 * 40 (6.9%) 3.5+ 0(14.8X)
BMMC CD34* (enrichment)* CD34- (depletion)t
®-10 1958 = 40 (55 10+ 0(35x Cells were sorted using MoAb 2E9. Fractions were grown under
- ’ =40 ) 0= 0¢ ) long-term marrow culture conditions for 5 weeks and then 5 X 104
50 + 3.4 89 * 27 (1.8X) 0.3 + 0.3 (150x) . .
61+ 12 179 + 15 (2.9%) 27 + 7 (2.3%) cells were plated into duplicate CFU assays. Results are expressed as
76 : 29 708 : a2 9‘3 16 : 0.9 '4 8 the mean =+ standard error measurement of CFU-GM from duplicate
o 8=42(0.8%) 6=09(4.8%) plates and normalized to an input of 10 cells/LTMC. Results are shown
Results are CFU-GM from triplicate plates, are expressed as the for comparative purposes. A precise numeric relationship between
mean * standard error measurements, and are corrected to an input LTC-IC frequency and week-5 CFU-GM has not been established for
of 25,000 cells per plate. dogs.
*Enrichment = CFU-GM in CD34+ BMMC/CFU-GM in BMMC. *Enrichment = CFU-GM in CD34+* BMMC/CFU-GM in BMMC.

tDepletion is CFU-GM in BMMC/CFU-GM in CD34- BMMC. tDepletion is CFU-GM in BMMC/CFU-GM in CD34- BMMC.
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Table 4. Details of Transplants Using Autologous CD34-Selected BM

1983

of which cross-react with CD34cells from nonhuman primate

After 920 cGy TBI specied, have been available since 1984n MoAb to murine
Dog No. E151 E246 E376 CD34 has only recently become available for such stutlies.
Weight (kg) 15 9.9 13.6 However, this MoAb detected 4% to 17% CD34ells in
BM TNC harvested (x108)/kg 2.1 3.4 0.7 murine BM33 somewhat higher than the 1% to 5% CD3lls
Cells (X10°)/kg transplanted 3.0 11.0 17 detected in human BM2 Dogs have proved a valuable
% of harf"esmd B'\’:I"a"Sp'a”tEd 1.40 2.90 24 preclinical model for human stem cell transplantatid#:
Purit D34+ % 2 7 L . .
cggiieﬁs fxlgf) ;a(n‘;)plamed Gg . 29 27 However, a limitation of the canine model for studies of
CD34* cells (x10°)kg 16X 10° 3.4 %105 1.2 X 108 hematopoiesis or_ stem cell transplantatlon has_ b(_een the Ia_ck ofa
CFU-GMIkg 8.4 % 10° 3.6 X 10° 1.2 X 10* useful marker to identify and enrich hematopoietic progenitors.
ANC >500 (days) 11 9 20 In this report, we have described the production of MoAbs to
ANC >1,000 (days) 12 10 23 canine CD34 that can be used to enrich canine progenitor cell
Abbreviation: ANC, absolute neutrophil count. populations that appear functionally and phenotypically similar
to human CD34 cells. We have consistently detected approxi-
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Fig5. Peripheral blood granu- -;/4‘};,%12 5
locyte counts (upper panel) and %’ﬂ/ E
platelet counts (lower panel) in %/ E
dogs that received 920 cGy TBI // é
followed by infusion of CD34- / ?
selected BM cells. The range of |
counts from 16 control dogs that 1 O°-
received unmodified BM after 920 o 10 20 30 40 5 0 6 o 7 0 8o
cGy are indicated by shading. Day after 920cGy
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mately 1% to 3% CD34 cells in canine BM, similar to the subsets of BM CD34 cells. The presence of CD34 isoforms,
percentage of CD34cells presentin human BM. These MoAbs most likely mediated through posttranslational protein modifica-
should help in refining studies in several areas and facilitate théions, has been shown in mice in which L-selectin could bind
phenotypic and functional characterization of progenitors pres€CD34 on vascular endothelium but not CD34 on murine
entin canine BM, peripheral blood, and cord blood. Application hematopoietic celldt Also, we have observed that cultured
of these MoAbs to studies of stem cell transplantation, progenicanine endothelial cells express a lower molecular weight form
tor cell expansion, gene therapy, and culture of canine dendritiof CD34 than leukemic cell lines. Functionally significant
cells is anticipated. different isoforms of CD34 that can be defined by flow
Two reagents were developed that proved critical in makingcytometry within normal human BM have not been reported,
these MoAbs. The first was a fusion protein, CD34-1g, made foralthough their presence is a possibility, as suggested by variable
immunization and screening strategies. This allowed productiorstaining of CD34 human leukemia samples with different
of the second, an affinity-purified polyclonal antiserum MoAbs to human CD34* Therefore, the use of MoAbs that
RPxCD34, which was used to identify cell lines expressing recognize all CD34 BM cells may be an important prerequisite
CD34, to screen antibody from hybridomas, and to carry outfor accurately defining phenotypic and functional characteris-
preliminary characterization of canine CD34After failure tics of CD34" and CD34 progenitor cell populations. Two-
initially to generate MoAbs to CD34, we found that to generatecolor flow cytometry studies (Fig 1) showed that there was
high levels of anti-CD34 specific response, it was important toconcordance between the cell population recognized by the
use immunization schedules that included both CD34-Ig andpolyclonal antiserum (recognizing multiple epitopes of CD34)
CD34" leukemia cell lines. CD34-specific responses were notand the MoAbs. Therefore, these MoAbs appeared to recognize
detected after immunization of mice with CD34ell lines  an epitope(s) expressed on all BM CD3dells and should be
alone. Although 10 MoAbs were made, each MoAb was able tosuitable for defining CD34BM subsets.
block the binding of 1H6 to CD34cell lines, indicating that The findings that purified CD34BM cells were enriched for
they all recognized identical or overlapping epitopes. Thereforehematopoietic progenitors and that CD3ells were depleted
more detailed characterization was limited to five MoAbs of those progenitors suggested that a high proportion of canine
initially, and then later to two high-affinity MoAbs, 2E9 and progenitors express CD34. We found there was some variability
1H6, for evaluation of canine progenitors. Differences inin the degree of progenitor enrichment and growth found in the
marrow cell populations recognized by these two MoAbs weresorted CD34 cell populations. Because conditions for culture
not identified by FACS analysis. However, in Western blotting of purified canine progenitors have not yet been well defined
studies, 2E9 was superior to 1H6, most likely because of itand may differ from those of unfractionated BMMC and
higher affinity for CD34. The reactivity of these MoAbs to because of the use of a limited number of canine specific
CD34-Ig and native CD34 in Western blotting studies indicatedcytokines in CFU-GM assays, further modification of the
that they were not dependent on the tertiary structure of CD34ulture conditions and additional canine-specific cytokines may
for their binding. be needed to more accurately define the degree of progenitor
Reactivity of these MoAbs to CD34 was confirmed by enrichmentin CD34 cells as compared with BMMC.
ELISA studies, in studies that used CD34-Ig to block bindingto  Results of these initial transplant studies showed that it was
CD34" cell lines, and by Western blotting of CD34-Ig and unnecessary to remove the MoAb-bead complex from the CD34
leukemia cell lines. The enrichment and depletion of progenitorselected cells before infusion to achieve engraftment. Complete
cells in BM fractions isolated by cell sorting was consistent with and relatively prompt hematopoietic recovery was observed
binding of MoAb to CD34 on BM cells. Specificity of the after treatment with a TBI dose greater than 2.5 times thg,LD
MoAbs for CD34 was suggested by the lack of binding of dose for dog¥ despite infusion of cell doses comprising less
MoAbs to CD34 cell lines as previously defined by the than 3% of the starting marrow inoculum. Effects of marrow
polyclonal antiserum and molecular studieshy blocking  cell dose on engraftment were observed in a previous canine
studies with CD34-lg, and by restricted binding to a small autologous transplant dose finding stéfdthat used cryopre-
population of BM cells that were not detected in peripheral served unmodified BM. At cell doses between %X.a07/kg and
blood. Overall, the properties suggested that we had produced.0 X 1(¥/kg, there was a correlation of cell dose with speed of
several high-affinity MoAbs that should be suitable for specifi- granulocyte engraftment and death with engraftment failure. At
cally isolating highly enriched progenitor cell populations for total nucleated cell doses of less than 2.807/kg, engraftment
further characterization and transplant studies. In additionfailure was usually observed, and at cell doses between 2.5 and
preliminary immunohistochemistry studies of frozen or paraffin 5.0 X 107/kg, engraftment failure or delayed granulocyte
sections from canine tissues showed that 1H6 and 2E9 staine@coveries were seen. In a second stidy BMMC doses of
vascular endothelial cells (data not shown), suggesting ayreater than 1.0X 107kg and less than 1.5 107/kg,
possible use of these MoAbs for studying canine endotheliaengraftment failure occurred in 7 of 7 dogs. As cell fractions
cells. The reactivity of the MoAb 1H6 and 2E9 in paraffin transplanted in this study were substantially enriched for
sections, frozen sections, and in Western blotting studies was @D34* cells, these results strongly suggest that the radioprotec-
pattern described for class Il epitopes but not class | or class lltive functions of these grafts were provided by CD3zells
epitopes of human CD3#. rather than other cell populations. Results of these in vitro and
An important consideration for future studies to characterizein vivo studies support an hypothesis that CD34 is a highly
canine progenitors is whether these MoAbs recognize allconserved marker of hematopoietic progenitors. By analogy to
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human and mouse data, it is expected that canine CagHs 11. Civin CI, Trischmann T, Kadan NS, Davis J, Noga S, Cohen K,
will have long-term repopulating ability even though, as Duffy B, Groenewegen I, Wiley J, Law P, Hardwick A, Oldham F, Gee
suggested by murine studi#sthere may be CD34cells that A: Highly purified CD34-positive cells reconstitute hematopoiesis. J
can also provide this function. We plan to test this by alIogeneicC'Tzorl‘AcoL_M:bzzzd“’El9?36h,|_ | Coiffier B Michallet M. Salles G
transplantation of highly purified CD34cell populations - Archimbaud E, Philip |, Coiffier B, Michallet M, Salles G,

. . . Sebban C, Roubi N, Lopez F, Bessueille L, Mazars P, Juttner C,
isolated by cell sorting and posttransplant studies to evaluate tthkinson K, Philip T: CD34 Thy1+ Lin- peripheral blood stem cells
presence of long-term multilineage donor hematopoiesis.

(PBSC) transplantation after high dose therapy for patients with
multiple myeloma. Blood 88:595a, 1996 (abstr, suppl 1)
13. Storb R, Thomas ED: Graft-versus-host disease in dog and man:
The authors thank Bonnie Larson and Harriet Childs for assistance imhe Seattle experience, in'NMer G (ed): Immunological Reviews No.
preparation of the manuscript and Reggie Castro, Mario Lioubin, andgg. Copenhagen, Denmark, Munksgaard, 1985, p 215
Gary Schoch for technical assistance. We are grateful to Doug Jones, t0 14. Storb R, Thomas ED: The scientific foundation of marrow
the technicians of the canine laboratory, and to other members of theransplantation based on animal studies, in Forman SJ, Blume KG,
canine transplant team for their technical assistance. We are grateful thhomas ED (eds): Bone Marrow Transplantation. Boston, MA, Black-
Peter Moore (University of California, Davis, CA) for providing canine well Scientific, 1994, p 3
leukemia cell lines for these studies. Canine recombinant cytokines 15. McSweeney PA, Rouleau KA, Storb R, Bolles L, Wallace PM,
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