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Reflections

John L. Kellermann III

3 decades of stem cell research



Hematopoietic Stem-Progenitor 

Cells

Jordan, N Engl J Med 2006

Mature blood cells are short-lived
e.g. Granulocytes: hrs-days in blood

Till, McCulloch, Sachs, Metcalf, Thomas, 

and many others
Proposed hierarchal model of hematopoiesis

Developed HSPC functional assays, providing 

HSPC footprints
in vitro colony-forming units

in vivo transplantation

HSPCs can be obtained for lab studies 

from adult humans in health and with 

hematopoietic diseases

Paradigm for normal and 

leukemia/cancer stem cell research

 Problem: In vitro CFU-GM/BFU-E assays and in vivo CFU-S and 
engraftment assays provided only footprints of HSPCs. For molecular studies, 
need to isolate the rare HSPCs.



HSPCs comprise ~1% of marrow:

Worthy target for Mab development

Had developed Mabs against mature cells, e.g. granulocytes (My1=CD15), NK 
cells (CD56): useful in research and clinical diagnosis
But decided that the most interesting hematopoietic system cells were the HSPCs 
that sustain the blood-immune system: Need to isolate this needle in the haystack 
subset for research and clinical transplant

Civin, Mirro, Banquerigo. My–1, A New 

Myeloid Specific Antigen Identified by a 

Mouse Monoclonal Antibody. Blood 1981



Rationale & Hypothesis

Existing strategy for HSPC enrichment:

Negative selection using multiple “Lineage” (Lin) Mabs

Positive selection

More effective?

Requires only a single Mab?

Straightforward translation to clinical transplant?

Hypothesis (1981): HPSCs display stage-specific 

membrane antigens not expressed on more 

mature hematopoietic cells



Strategy to Produce Mabs against HSPCs

 Immunizing mice with human Lin- marrow cells would 
likely result in most of the Abs directed against 
immunodominant Ags also expressed on mature cells
And it was difficult, expensive to obtain large numbers of human Lin-

marrow cells

Hypothesis: Especially the most immature “stem cell” 
leukemia cell lines and primary cases express high levels 
of normal stem cell Ags

Experimental Approach (1981-84):
 Immunize mice with multiple leukemia cell lines and blasts from primary 

acute myeloid leukemia cases

Screen hybridomas for: 

strong binding to immunizing cells

but binding to <<5% of human blood cells (resulted in discarding 
most of the hybridomas)



Civin, Strauss, Brovall, 

Fackler, Schwartz, Shaper

J Immunol 1984



Multiple Papers Characterizing Cellular Expression

 Civin, Strauss, Brovall, Fackler, Schwartz, Shaper. Antigenic Analysis of Hematopoiesis III. A 
Hematopoietic Progenitor Cell Surface Antigen Defined by a Monoclonal Antibody Raised Against KG–
1a Cells. J Immunol 1984

 Leary, Ogawa, Strauss, Civin. Single Cell Origin of Multilineage Colonies in Culture: Evidence that 
Differentiation of Multipotent Progenitors and Restriction of Proliferative Potential of Monopotent 
Progenitors are Stochastic Processes. J Clin Invest 1984

 Beschorner, Civin, Strauss. Localization of Hematopoietic Progenitor Cells in Tissue with the Anti–
My10 Monoclonal Antibody. Am J Pathol 1985

 Leary, Strauss, Civin, Ogawa. Disparate Differentiation in Hemopoietic Colonies Derived from Human 
Paired Progenitors. Blood 1985

 Strauss, Rowley, LaRussa, Sharkis, Stuart, Civin. Antigenic Analysis of Hematopoiesis V. 
Characterization of My–10 Antigen Expression by Normal Lymphohematopoietic Progenitor Cells. Exp 
Hematol 1986

 Civin, Banquerigo, Strauss, Loken. Antigenic Analysis of Hematopoiesis VI. Flow Cytometric 
Characterization of My–10 Positive Progenitor Cells in Normal Human Bone Marrow. Exp Hematol 1987

 Confirmed, extended by other groups using several CD34 Mabs: Leukocyte Typing III (McMichael, ed), 
1987

All types of human HSPCs and Endothelial Cells express CD34. Other 

human cell types are CD34-.

Leary, Ogawa, Strauss, Civin J 

Clin Invest 1984



Multicolor FACS Tracing Erythropoiesis

 Loken, Shah, Dattilio, Civin. Flow Cytometric Analysis of Human Bone Marrow: 
I. Normal Erythroid Development.  Blood 1987

CD34 as an anchor to identify erythroid progenitors



Multicolor FACS Tracing B Lymphopoiesis

 Loken, Shah, Dattilio, Civin. Flow Cytometric Analysis of Human Bone Marrow. II. Normal 
B Lymphocyte Development. Blood, 1987

CD34 as an anchor to identify lymphoid progenitors



Multicolor FACS Identifying the Earliest CD38- HSPCs in the 
CD34+ Cell Compartment

 Civin, Almeida-Porada, Lee, Olweus, Terstappen, Zanjani. Sustained, 
retransplantable, multilineage engraftment of highly purified adult human bone 
marrow stem cells in vivo. Blood, 1996

CD34+/38-



 1984: Johns Hopkins Univ applies for patents on the CD34 inventions

 1987-1992: Hopkins receives 4 patents that cover the use of  all antibodies 

that bind to the CD34 Ag

CD34 Patents

Conflict of Interest Disclosure: The Johns Hopkins 

University holds patents on CD34 monoclonal antibodies and 

related inventions. CIC is entitled to a share of the sales royalty 

received by the University under licensing agreements 

between the University, Becton Dickinson Corporation and 

Baxter HealthCare Corporation. These arrangements are being 

managed by the University in accordance with its conflict of 

interest policies.



CD34 inventions/patents licensed exclusively to 
Becton-Dickinson (1984)
sublicense to Baxter Healthcare (1990)

CellPro formed (1989): flagship products are built 
around a different CD34 Mab

Licenses, Patent Infringement



Litigation (1992-99)

1992: CellPro sues Johns Hopkins, BD, and Baxter 
alleging invalidity and non-infringement of the CD34 
patents, as well as unfair competition and antitrust 
violations 

Multiple negotiations fail to reach accord

For legal technical reasons, the case comes to trial 
(1994) in Delaware’s Federal Court where Baxter, 
Becton-Dickinson, Johns Hopkins sue CellPro for 
patent infringement



Extensive Depositions & Testimony

 Every paper, every lab notebook 

page subpoenaed

 Many, many word games, e.g.

 CellPro claimed that since its device 

routinely achieved only~50% purity, it 

did not infringe the patent claiming 

~90% purity

 CellPro contended that its Mab

was developed independently and 

has some characteristics different 

from the My10 Mab

 Hopkins et al argued that the 

patents covered any antibody that 

binds to the CD34 Ag



New Yorker

Professors as expert witnesses



 “CEO owes his life to 

his company’s 

technology”

Wall Street Journal

 CellPro CEO 

developed advanced 

mantle cell lymphoma 

and underwent BMT 

with autologous 

marrow that had been 

selected for CD34 and 

then depleted of B 

cells

The Trials had Everything



Outcomes of the 2 Trials

 1995: Jury found Hopkins patents invalid

 1996: Judge overturned the verdicts, upholding the validity of the patents and 
ruling that CellPro infringed them

 1997: In 2nd jury trial, CellPro found guilty of willfully infringing and 
ordered to pay triple damages of $7.5M plus plantiff’s legal fees 
(>$7M) 



Court Judgment Affirmed by US Court of Appeals; 
NIH declines to “march in”



Epilogue

CellPro bankruptcy

Class action securities fraud suit

Sanctions against CellPro’s patent 

attorneys

Temporary distribution of CellPro

products by Baxter

FDA approval of Baxter’s Isolex

CellPro CEO’s book (Readers’ Digest)

CellPro: The Movie never happened



CD34+ cells reconstitute hematopoiesis in 
transplants for cancer patients: Icon

 Civin, Trischmann, Kadan, Davis, Noga, Cohen, Duffy, Groenewegen, Wiley, 
Law, Hardwick, Oldham, Gee. Highly purified CD34-positive cells reconstitute 
hematopoiesis. J Clin Oncol, 1996



Stem Cell Hype Cycle: 1998-?

Sometimes I wonder if there’s more to life 

than unlocking the mysteries of the universe



Purified CD34+ Cells for Laboratory Research



Stem 

cells

Multipotent

progenitors

Committed

progenitors

Mature cells

Regulators:

IL-1 IL-6 G-CSF

IL-3 IL-11 GM-

CSF

G-CSF   IL-4      M-CSF

IL-2 IL-6 Epo IL-7

HSC self renewal is limited, 
ex vivo

SCF TPO FL

 Limited in vitro self renewal capacity appears to be an inherent 
limitation of all types of “adult stem cells,” in addition to their limited 
ability to differentiate to multiple tissue types



Transcriptomic clues to molecules that might 
be important in stem cells

Expression profiling of purified hematopoietic stem-

progenitor cell subsets to indentify candidate proteins and 

microRNAs that might regulate stemness properties

Kaplan The Biomedical 

Engineering Handbook 2010

Translational goal:  High performance 
stem cells

Expansion Maintenance

 Survival

 Quiescence

 Self-renewal

 Differentiation

 Fate 
specification

 Homing



Genes differentially over-expressed in

CD34+/[Lin/CD38]- HSC-enriched cells

Georgantas Cancer Research

2004

 Special note: 81 genes were 
differentially over-expressed in 
enriched HSCs from all 3 
tissues; these gene products
could be critical for HSC “stem-
ness”

Cord Blood: 889

Mobilized Blood: 605

926 100 575

81
77 127

314

Bone Marrow: 1190

qRT-PCR and Serial Analysis of Gene 

Expression (SAGE) confirmed ~ all 

over-expressed genes



KLF4-/- mice lacked inflammatory monocytes
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Jon Alder, PhD

One gene, one grad student?



In addition, KLF4 is necessary for Th17 cells

Foxp3

IL
-1

7

Th1

Th17

KLF4+/+ CD4+ KLF4-/- CD4+

IFNγ

%
 o

f 
M

ax

WT +/+)
KO (-/-) Treg

Lebson, J Immunol 2010

One gene, 2 grad students??



But what is KLF4 doing in HSCs and other stem 
cells?

Lund Stem Cell Center
KLF1

KLF2

KLF3

KLF6

KLF4?

KLF4

One gene, many grad students???



Mystery intensified: KLF4 induces reprogramming of adult 
human fibroblasts to pluripotent ES like state

Mature human 

fibroblasts (from 

foreskin or adult skin) 

were engineered with 

Nanog-GFP or Oct4-

Neo reporter retro- or 

lenti-vectors

Retroviral infection 

with

OCT4/SOX2/MYC/KLF

4 or OCT4, SOX2, 

NANOG, and LIN28

Transduced pluripotent

stem cells were green

or Neo-resistant

Reprogrammed fibroblasts could be 

propagated (maintaining undifferentiated 

markers) for >20 passages or induced to 

undergo multilineage differentiation (to 

form all 3 germ layers both in embryoid 

body assays in vitro and in teratoma 

assays in immunodeficient NOD/SCID 

mice)



Lund Stem Cell Center

Regulation of hematopoiesis

926 100 575

81
77 127

314

Bone Marrow: 1190

Mobilized Blood: 605

Cord Blood: 889

Some of the results puzzled us (“expression paradox”):

 Why are so many genes required for later development already 

expressed in hematopoietic stem cells (e.g. GATA-1, GATA-2, RUNXs, 

PU.1)?

 Why doesn’t this cause HSCs to differentiate? HSCs might be primed 

to develop along the hematopoietic lineage pathways, but held in check 

at some post-transcriptional step

Thus, the gene expression profiles provided direction:

 Study the 81 genes that are highly expressed in stem cells vs

progenitors to understand the key properties of stem cells: self-renewal, 

differentiation, etc



And for some HSC-expressed mRNAs, the 
encoded protein was not expressed

MicroRNAs can regulate translation of mRNAs to protein:

 Which microRNAs are expressed in HSPCs and which mRNAs do they regulate?



Informatic prediction that miRs might negatively regulate 
hematopoietic differentiation, like a coiled spring

 
Georgantas PNAS 2007

Self-renewal

Differentiation



Several thermodynamically-predicted microRNA 
targets were verified by luciferase assays

3’UTR constructs were electroporated into 

K562 cells, which express most of the HE-

microRNAs

Regulation of systems of molecular pathways



MiR-155 over-expression blocked myeloid and 
erythroid colony formation from primary cells

FUGW control FUGW-miR-155

FUGW control FUGW-miR-155

Normal donor CD34+ HSPCs  were lentivirally transduced with hsa-miR-155/GFP dual 

promoter expression constructs. Transduced cells were sorted based on GFP 

expression, and grown in standard CFC assays



c-MYB is a predicted target of miR-155

 TargetScan and Pictar predict 2 miR-155 binding sites in 3’UTR of c-

MYB
 Both sites conserved across vertebrates 

 c-MYB transcription factor known to be important for erythroid

development
 Conditional KO mice have anemia



c-MYB is an actual direct target of miR-155: luciferase assays



Over-expression of miR-155 downregulated c-MYB mRNA 
and protein levels in K562 cells

MYB

GAPDH



MiR-155 overexpression delayed erythroid differentiation of 
TF1 human erythroleukemia cells (model)

Fewer late erythroid cells, more 

CD34+ cells 



Does miR-155 inhibit erythropoiesis by 
downregulating c-MYB?

 By introducing c-MYB open reading frame (without its 3’ 

UTR), which is predicted to rescue the miR-155 

inhibitory effect on erythroid differentiation

 By evaluating additional predicted miR-155 targets 

associated with erythroid differentiation

 By repeating the functional experiments in normal 

CD34+ HSPCs (e.g. determining in our hands if c-MYB 

knockdown phenocopies the effect of miR-155 

overexpression in normal human cells)

Shubhada Bharne 

PhD (poster)

We will determine whether the delayed erythroid 

differentiation in miR-155 overexpressing TF1 cells is due 

to c-MYB downregulation:



Selected differentially HSPC-expressed miRs using F-test in 
Limma:

Defines significance of expression changes by comparing between-
group variation to within-group variation (replicates)

 12 candidates chosen (10a, 146a, 125a, 125b, 99a, 99b, 582, 338, 149, 
486, 223, 451)

MiR microarray profiling in mouse HSPCs, because 
HSPC subsets well defined (and supply issues)

KSL CD34+ 

FLT3-

KSL CD34-

FLT3-

KSL CD34+ 

FLT3+

Kit/Sca-mid 

IL7Rα+

Kit+Sca- FcRγ-mid 

CD34-mid

Kit+Sca- FcRγ+ 

CD34+

Kit+Sca- FcRγ-

CD34-

“KSL” (LIN- KIT+ 

SCA+)

Diane Heiser

Ian Kaplan PhD

Due to rarity of these 
populations, a bone “crush” 
method was used (Scadden Lab 
Journal of Visualized 
Experiments) and 20 mice were 
pooled for each replicate. 
Magnetic depletion for lineage 
markers (B220, CD3, Ter119, 
GR-1) was followed by 
enrichment for c-kit, a marker 
expressed on all HSPC 
populations of interest. Enriched 
cells were then stained for 
subset-defining cell surface 
markers and FACS-sorted.



Tumor Suppressor MiRs

Esquela-Kerscher Nat Rev Cancer 2006



 3 of 9 AML cell lines

 6 of 8 AML primary 

samples

 4 of 4 pre-B-ALL cell 

lines

 5 of 7 pre-B-ALL 

primary samples

 3 of 3 T-ALL cell lines

 5 of 5 T-ALL primary 

samples

0

0.5

1

1.5

2

2.5

3

3.5

C
D

3
4

+
 H

S
P

C
K

G
1

K
G

1
a

K
A

S
U

M
I1

M
O

7
e

U
9

3
7

H
L6

0
K

5
6
2

TF
1

TF
1

a
A

M
L#

1
A

M
L#

3
A

M
L#

8
A

M
L#

1
4

A
M

L#
2

7
A

M
L#

3
3

A
M

L#
4

0
A

M
L#

4
2

K
O

P
N

8
N

A
LM

6
S
U

P
 B

1
5

R
C

H
 A

C
V

B
-A

LL
 #

1
B

-A
LL

 #
2

B
-A

LL
 #

4
B

-A
LL

 #
6

B
-A

LL
 #

1
4

B
-A

LL
 #

1
5

B
-A

LL
 #

1
6

M
o

lt
3

M
o

lt
1

6
K

a
rp

a
s 

4
5

T-
A

LL
 #

1
T-

A
LL

 #
2

T-
A

LL
 #

3
T-

A
LL

 #
4

T-
A

LL
 #

5

AML preB-ALL T-ALL

*** miR-23a and miR-24 expression levels exhibit the same trend

*** the paralogous “b” miRs are expressed negligibly in these samples



 14-3-3 family of proteins is made up of 7 isoforms (, , ,  or , , ε, )

 Bind to phosphorylated serine and tyrosine residues in diverse proteins, 

and regulate multiple cellular processes including cell cycle, apoptosis, and 

signal transduction

 Can act as either tumor suppressors (14-3-3) or oncogenes (14-3-3, 14-

3-3, 14-3-3, 14-3-3 or )

 Support cell survival by interacting with and negatively regulating pro-

apoptotic proteins such as BAX and BAD

miR-23a miR-27a miR-24

YWHAB (14-3-3)

none 1537-1557 321-342

2061-2081 343-364

1786-1807

1913-1934

2459-2480

YWHAQ

(14-3-3 or 14-3-3) none 1177-1197 none

 The 14-3-3 isoform 

(YWHAB) is a predicted miR-

27a target gene (2 miR-27a 

binding sites in its 3’UTR)

 There are also 5 predicted 

miR-24 binding sites in the 

3’UTR and coding region of 

YWHAB

 14-3-3 (YWHAQ) has 1 miR-

27a site



MiR-27a re-expression in acute leukemia cells slowed growth 

and promoted cell death

MiR-27 resulted in decreased cell growth over time; the effect was 

dependent on the “dose” of miR-27a

MiR-27 induced death in 

K562 AML cells over time

MiR-27 induced apoptosis in 

AML cell lines

MiR-27 induced death in pre-B-

ALL REH cells over time

FUGW
FUGW/miR-27a



MiR-23a and miR-27a directly targeted multiple positive 

regulators of the Wnt pathway

ba

c d



MiR-23a and miR-27a knocked down levels of multiple 

positive regulatory proteins of the Wnt pathway

MiR-23a cluster members 

regulated FZD4 and LRP6 at the 

protein level

MiR-23a cluster members 

decreased downstream B-catenin 

activity
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Kara A. Scheibner, PhD

Asst Professor, UMSOM

(poster)



Can we screen to find small molecule “drugs” that up-

regulate TSmiRs and drive HSPC proliferation/survival?

Rationale:

 Inhibiting apoptotic molecules, e.g. p53, has been shown to increase 

hematopoiesis

 Direct targets of miR-10a and miR-27a  (e.g. Frizzled 4 (FZD4), Krupple-

like factor 4 (KLF4) and 14-3-3-θ) are known to be anti-apoptotic and/or 

pro-proliferative

Thus, drugs that downregulate miR-10a or miR-27a might enhance ex 

vivo HSPC expansion



Reporter design for high-throughput screen for miR-

regulating drugs

Xiaochun Chen PhD



Reporters for miR-10a and miR-27a were specific 



Screen, validate, optimize TSmiR-regulatory drugs

Primary screen: Dual-Glo luciferase HTS for miR-10a 

downregulators among ~3500 compounds 

Confirmatory screen: 

Repeat primary screen, at 

same dose (10uM)

Counter screen: HTS for miR-

27a downregulators to 

eliminate nonspecific hits 

Secondary Assay 1: Colony-forming assay to identify hits that 

increase HSPC number 

Secondary Assay 2: Cell-to-CT assay to identify potent hits that 

selectively downregulate miR level

Tertiary Assay 1: Relevance of HSPC expansion to miR

downregulation

Tertiary Assay 2: Effects of hits on validated miR targets

Mouse studies: Bioavailability, 

pharmacokinetics,  ex vivo and in 

vivo efficacy, mechanism of action

Chemistry 

optimization: 

Probes

>2 fold increase of firefly luciferase

Critical Path:

32

2

34

miR-10a

miR-27a

Preliminary 

results from 

primary HTS:



Expression of miR-708 suggests that it might be an oncomiR

in B precursor ALL



Determine roles of microRNAs in the hypoxia/HIF-1 master 

regulatory signaling network

Min Jung Kim PhD 

(poster)

HIF-1 regulates hundreds of 

molecules involved in hypoxic 

response & more

Gregg Semenza, JHU



High-throughput functional screen to identify miRs regulating 

proliferation and/or survival in cell lines (“miR-HTS”)

Culture of hematopoietic cell line

A miR lentivirus library consisting of 

604 human miRs or miR clusters

X

~30% of the cells will be infected and co-express GFP and miRs.
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Wen-Chih Cheng PhD 

(poster)



MiR-HTS in IMR90 human lung fibroblast cell line



Productive fishing expeditions


