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Recipient of the 2022 IETS Pioneer Award: Dr Carol Keefer
Dr Carol L. Keefer, a native of South Carolina, began her
scientiﬁc career studying Biology at the University of South
Carolina where she graduated Magna cum laude in 1974. Her
ﬁrst research experience was working as an undergraduate
with Dr Wally Dawson in the Peromyscus mouse colony
(later to become the Peromyscus Genetic Stock Center)
doing vasectomies and artiﬁcial insemination in deer mice
while studying sympatric speciation. That initial experience
with reproductive biology led Dr Keefer to pursue graduate
studies in developmental biology with the distinguished
Dr Dick Tasca at the University of Delaware, where she earned
a PhD in Biological Sciences in 1981. Dr Keefer revealed that
her alternate plan was to study evolutionary genetics, but she
was listed as only an alternate for a stipend at Stanford and so
chose to study amino acid transport in preimplantation mouse
embryos for her PhD dissertation work (Keefer and Tasca
1984). We owe Stanford a debt of gratitude for unknowingly
steering Dr Keefer along her path of exemplary contributions
to the ﬁeld of Reproductive Biology! Indeed, Dr Keefer has
been a true pioneer in the areas of sperm injection, embryo
and somatic cell nuclear transfer, transgenesis, and stem
cell research throughout her illustrious career from the
1980s until today. Her contributions have been reﬂected in
over 65 peer reviewed research publications and three book
chapters with more than 2400 citations. She has been an
invited speaker at more than 40 national and international
events and holds two US patents for her novel work in
reproductive technologies. Her experience is unique in that
she has excelled in clinical, industry, and academic settings,
giving her a unique perspective that allows her to think
creatively about the challenges facing reproductive biology
and assisted reproductive technologies in our current
environment.
After her graduate work, Dr Keefer conducted post-doctoral
research at Johns Hopkins, and the University of Pennsylvania.
The publication derived from her research at John Hopkins on
spontaneous oocyte activation in rats (Keefer and Schuetz
1982) provided a crucial key to the subsequent successful
cloning of rats by others. She then joined the University of
Georgia ﬁrst as an Assistant Physiologist and shortly thereafter
as Assistant Professor in the College of Veterinary Medicine.
During this time, she was also involved in establishing
one of the ﬁrst human IVF clinics in the US, Reproductive
Biology Associates in Atlanta, Georgia. One of the most

impactful ﬁndings that Dr Keefer published in the early
period of establishing her independent research program was
that viable embryos and pregnancies could be obtained
following direct microinjection of dead sperm into rabbit
oocytes (Keefer et al. 1985, 1988; Perreault et al. 1988;
Keefer 1989). This work paved the way for new methods of
sperm storage, and rescue of sperm and genetics from males
from whom viable sperm could not be collected. Dr Keefer’s
program was successfully funded by NIH at the University
of Georgia, and was a productive period in her career.
However, Carol was attracted to an opportunity in industry
with American Breeder’s Service (ABS) in 1989 that allowed
her to use her embryo manipulation experience to advance
research in bovine embryo cloning towards commercial
application for genetic improvement. During her time at
ABS, Dr Keefer made several crucial advances in embryo
cloning technology that led to widespread adoption of the
technique in both industry and academia (Keefer et al. 1993,
1994; Stice and Keefer 1993; Stice et al. 1994, 1996).
It became clear through the success of Carol’s work that the
real value in nuclear transfer may be not in genetic advancement, but in biopharming, or the production of transgenic
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animals for biopharmaceutical production of human medicine.
Thus, in 1995 Dr Keefer was recruited to Nexia Biotechnologies
in Quebec, Canada. There she led a team in producing
transgenic goats via nuclear transfer with transfected donor
cells, which secreted recombinant spider silk protein and
recombinant human butylcholinesterase in their milk
(Gauthier et al. 2001; Keefer et al. 2001, 2002; Baldassarre
et al. 2002). At Nexia Dr Keefer served as industry liaison for
federal and provincial grants of nearly CAD$1 million to
develop technologies supporting the transgenic goat production system. During her time in industry Carol remained
an active collaborator with academia, serving as Adjunct
Professor in Animal, Dairy, and Veterinary Sciences at
Clemson University, and Animal Science at McGill University.
In 2003, Dr Keefer returned to academia with tenure at the
University of Maryland, where she remains today as Professor
of Animal Sciences within their Biotechnology Initiative.
Dr Keefer’s research program at Maryland has been continually
funded by the USDA and NSF as well as private foundations
and competitive internal grants. At Maryland, Carol made a
strategic shift in focus to study pluripotent cells, including
embryonic stem cells (ESC) in ruminants and mice, feline
spermatogonial stem cells, and human teratocarcinoma
cells (Keefer et al. 2007). Her laboratory was the ﬁrst to
describe induction of trophectoderm lineage diﬀerentiation
by cytokines in mouse ESC (He et al. 2008), demonstrating
that ESC could diﬀerentiate into both embryonic and placental
lineages. Her laboratory also described NANOG expression
and unique protein localisation potentially involved in cell
diﬀerentiation in goat embryos (He et al. 2006), as well as
control of NANOG expression by the cytokine Noggin in goat
embryo derived cell lines (Pant and Keefer 2009). Dr Keefer
has established strong collaborative relationships to study
other characteristics of stem cells as well, such as measuring
the stiﬀness of stem cells during diﬀerentiation (Keefer and
Desai 2011; Pillarisetti et al. 2011; Ladjal et al. 2012).
Dr Keefer has also returned to her research roots in some of her
recent work, developing exciting new methods for studying
metabolism in preimplantation embryos and sperm using
metabolomics and ﬂuxomics technologies (Chung et al. 2019;
Weiner et al. 2019).
Dr Keefer also maintains strong collaborative ties
with investigators at the Smithsonian Conservation Biology
Institute (SCBI). Dr Keefer led eﬀorts to establish conditions
for culture of feline spermatogonial stem cells as a means to
preserve the genetics of rare and endangered felids (Vansandt
et al. 2012; Vansandt et al. 2016). Dr Keefer has worked
with this group on a number of reproductive technologies
including embryo culture, estrous cycle synchronisation,
reproductive behaviors, sperm quality, embryonic and
induced pluripotent stem cells, and in vitro follicle culture
in a variety of species from cats to cranes over the years
(Nestle et al. 2012; Collins et al. 2014; Fujihara et al. 2014;
Brown et al. 2016, 2017, 2018, 2019; Thuwanut et al. 2017;
Weiner et al. 2019; Zhou et al. 2019a, 2019b).
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In addition to maintaining a dynamic and productive
research program, Dr Keefer is a vibrant and engaging
teacher and mentor. She has developed two new courses for
the Animal Science curriculum at Maryland, Experimental
Embryology and Animal Biotechnology, in addition to guest
lecturing in Physiology of Reproduction, and guiding students
in Experiential Learning and Special Problems courses.
Over the course of her career, Dr Keefer has mentored
many students as a member of their graduate committees
and advised/co-advised six MS and seven PhD students,
and three post-doctoral trainees, as well as serving as the
graduate director of the Animal Sciences program for the
past 10 years. Dr Keefer’s students have won multiple
awards at the university, national, and international levels,
reﬂecting her outstanding guidance. Her inﬂuence as a
mentor has followed her graduate students into careers in
academia, basic research, and conservation.
Finally, the respect and admiration of her colleagues is
shown by her election to service in her scientiﬁc societies.
Of speciﬁc interest is her election to President of IETS in 2003,
the ﬁrst woman ever to hold this oﬃce. Dr Keefer served on
the IETS Board of Governors from 1999 to 2005. She has also
chaired the Domestic Animal Biomedical Embryology (DABE)
committee of IETS and organised the DABE Symposium in
2015, and served IETS as Program Chair for the Kyoto
meeting in 2007. Carol has also been active in IETS on the
Education Committee and as the chair of many sessions at
our annual conference over the years. She is also an active
member of SSR, serving that society on the Nominations and
Program Committees. Dr Keefer also serves as a reviewer on
both NIH and USDA grant panels. She was invited to serve on
the PEW Initiative on Food and Biotechnology Steering
Committee in 2005. Her expertise was recognised when
she served as one of only three external reviewers for the
FDAs Risk Assessment of Animal Cloning in 2006–2007,
and for the Canadian Food Inspection Agency’s Cloning
Risk Assessment in 2008. She also served as a temporary
voting member on the FDAs blood products Advisory
Committee in 2009 for regulatory consideration of the ﬁrst
biopharmaceutical product produced by transgenic animals.
These activities demonstrate Dr Keefer’s impact not only
on the science of reproductive biotechnologies, but their
applications in society.
In summary, Dr Keefer has contributed signiﬁcantly to
the growth of our knowledge, and the use of that knowledge
in assisted reproductive technologies for the good of
human medicine, the treatment of infertility in humans and
endangered species, conservation, and domestic animal
genetic improvement. She has left an enduring mark on our
ﬁeld, and on the many of us that call her a mentor, colleague,
and friend. The IETS extends our heartfelt congratulations to
Dr Carol Keefer as the well-deserved recipient of the 2022
IETS Pioneer Award.

www.publish.csiro.au/rd

References
Baldassarre H, Wang B, Kaﬁdi N, Keefer C, Lazaris A, Karatzas CN
(2002) Advances in the production and propagation of transgenic
goats using laparoscopic ovum pick-up and in vitro embryo
production technologies. Theriogenology 57, 275–284. doi:10.1016/
S0093-691X(01)00671-9
Brown ME, Converse SJ, Chandler JN, Shafer C, Brown JL, Keefer CL,
Songsasen N (2016) Female gonadal hormones and reproductive
behaviors as key determinants of successful reproductive output of
breeding whooping cranes (Grus americana). General and Comparative
Endocrinology 230–231, 158–165. doi:10.1016/j.ygcen.2016.04.009
Brown ME, Converse SJ, Chandler JN, Crosier AL, Lynch W, Wildt DE,
Keefer CL, Songsasen N (2017) Time within reproductive season,
but not age or inbreeding coeﬃcient, aﬀects seminal and sperm
quality in the whooping crane (Grus americana). Reproduction,
Fertility and Development 29(2), 294–306. doi:10.1071/RD15251
Brown ME, Singh RP, Pukazhenthi B, Keefer CL, Songsasen N (2018)
Cryopreservation eﬀects on sperm function and fertility in two
threatened crane species. Cryobiology 82, 148–154. doi:10.1016/
j.cryobiol.2018.01.010
Brown ME, Keefer CL, Songsasen N (2019) Factors aﬀecting captive
whooping crane egg fertility: a retrospective analysis. The Journal of
Wildlife Management 83(6), 1377–1386. doi:10.1002/jwmg.21717
Chung J, Cliﬀord R, Sriram G, Keefer C (2019) 68 Flux analysis of aerobic
glycolysis in bovine blastocysts and CT1 cells. Reproduction, Fertility
and Development 31(1), 159. doi:10.1071/RDv31n1Ab68
Collins CW, Monfort SL, Vick MM, Wolfe BA, Weiss RB, Keefer CL,
Songsasen N (2014) Oral and injectable synthetic progestagens
eﬀectively manipulate the estrous cycle in the Przewalski’s horse
(Equus ferus przewalskii). Animal Reproduction Science 148(1–2),
42–52. doi:10.1016/j.anireprosci.2014.03.018
Fujihara M, Comizzoli P, Keefer CL, Wildt DE, Songsasen N (2014)
Epidermal growth factor (EGF) sustains in vitro primordial follicle
viability by enhancing stromal cell proliferation via MAPK and PI3K
pathways in the prepubertal, but not adult cat ovary. Biology of
Reproduction 90(4), 86, 1–10. doi:10.1095/biolreprod.113.115089
Gauthier M, Pierson J, Drolet M, Bhatia B, Baldassarre H, Keefer CL (2001)
Sexual maturation and fertility of male Nigerian dwarf goat (Capra
hircus) clones produced by somatic cell nuclear transfer. Cloning and
Stem Cells 3, 151–155. doi:10.1089/153623001753205106
He S, Pant D, Schiﬀmacher A, Bischoﬀ S, Melican D, Gavin W, Keefer C
(2006) Developmental expression of pluripotency determining factors
in caprine embryos: novel pattern of NANOG protein localization in
the nucleolus. Molecular Reproduction and Development 73, 1512–1522.
doi:10.1002/mrd.20525
He S, Pant D, Schiﬀmacher A, Meece A, Keefer CL (2008) Lymphoid
enhancer factor 1-mediated Wnt signaling promotes the initiation of
trophoblast lineage diﬀerentiation in mouse embryonic stem cells.
Stem Cells 26, 842–849. doi:10.1634/stemcells.2007-0356
Keefer CL (1989) Fertilization by sperm injection in the rabbit. Gamete
Research 22, 59–69. doi:10.1002/mrd.1120220107
Keefer CL, Desai JP (2011) Mechanical phenotyping of stem cells.
Theriogenology 75(8), 1426–1430. doi:10.1016/j.theriogenology.
2010.11.032
Keefer CL, Schuetz AW (1982) Spontaneous activation of ovulated rat
oocytes during in vitro culture. Journal of Experimental Zoology
224(3), 371–377. doi:10.1002/jez.1402240310
Keefer CL, Tasca RJ (1984) Modulation of amino acid transport in
preimplantation mouse embryos by low concentrations of non-ionic
and zwitterionic detergents. Journal of Reproduction and Fertility 70,
399–407. doi:10.1530/jrf.0.0700399
Keefer CL, Bennett KA, Brackett BG (1985) In vitro fertilization in the
rabbit after delayed ovum recovery. Biology of Reproduction 33,
388–392. doi:10.1095/biolreprod33.2.388
Keefer CL, Fayrer-Hosken RA, Brown LM, Brackett BG (1988) Culture of in
vitro fertilized rabbit ova. Gamete Research 20, 431–436. doi:10.1002/
mrd.1120200405
Keefer CL, Stice SL, Dobrinsky J (1993) Eﬀect of FSH and LH during
bovine in vitro maturation on development following in vitro

Reproduction, Fertility and Development
fertilization and nuclear transfer. Molecular Reproduction and
Development 36, 469–474. doi:10.1002/mrd.1080360410
Keefer CL, Stice SL, Matthews DL (1994) Bovine inner cell mass (ICM)
cells as donor nuclei in the production of nuclear transfer embryos.
Biology of Reproduction 50, 935–939. doi:10.1095/biolreprod50.4.935
Keefer CL, Baldassarre H, Keyston R, Wang B, Bhatia B, Bilodeau AS,
Zhou JF, Leduc M, Downey BR, Lazaris A, Karatzas CN (2001)
Generation of dwarf goat (Capra hircus) clones following nuclear
transfer with transfected and nontransfected fetal ﬁbroblasts and
in vitro-matured oocytes. Biology of Reproduction 64, 849–856.
doi:10.1095/biolreprod64.3.849
Keefer CL, Keyston R, Lazaris A, Bhatia B, Begin I, Bilodeau AS, Zhou FJ,
Kaﬁdi N, Wang B, Baldassarre H, Karatzas CN (2002) Production of
cloned goats after nuclear transfer using adult somatic cells. Biology
of Reproduction 66, 199–203. doi:10.1095/biolreprod66.1.199
Keefer CL, Pant D, Blomberg L, Talbot NC (2007) Challenges and
prospects for the establishment of embryonic stem cell lines of
domesticated ungulates. Animal Reproduction Science 98(1–2),
147–168. doi:10.1016/j.anireprosci.2006.10.009
Ladjal H, Hanus JL, Pillarisetti A, Keefer C, Ferreira A, Desai JP (2012)
Reality-based real-time cell indentation stimulator. IEEE/ASME
Transactions on Mechatronics 17(2), 239–250. doi:10.1109/TMECH.
2010.2091010
Nestle E, Graves-Herring J, Keefer C, Comizzoli P (2012) Source of protein
supplementation during in vitro culture does not aﬀect the quality of
resulting blastocysts in the domestic cat. Reproduction in Domestic
Animals 47(Suppl 6), 152–155. doi:10.1111/rda.12047
Pant D, Keefer CL (2009) Expression of pluripotency-related genes
during bovine inner cell mass explant culture. Cloning and Stem Cells
11, 355–365. doi:10.1089/clo.2008.0078
Perreault SD, Barbee RR, Elstein KH, Zucker RM, Keefer CL (1988)
Interspecies diﬀerences in the stability of mammalian sperm nuclei
assessed in vivo by sperm microinjection and in vitro by ﬂow cytometry.
Biology of Reproduction 39, 157–167. doi:10.1095/biolreprod39.1.157
Pillarisetti A, Desai JP, Ladjal H, Schiﬀmacher A, Ferreira A, Keefer CL
(2011) Mechanical phenotyping of mouse embryonic stem cells:
increase in stiﬀness with diﬀerentiation. Cellular Reprogramming 13,
371–380. doi:10.1089/cell.2011.0028
Stice SL, Keefer CL (1993) Multiple generational bovine embryo cloning.
Biology of Reproduction 48, 715–719. doi:10.1095/biolreprod48.4.715
Stice SL, Keefer CL, Matthews L (1994) Bovine nuclear transfer embryos:
oocyte activation prior to blastomere fusion. Molecular Reproduction
and Development 38, 61–68. doi:10.1002/mrd.1080380111
Stice SL, Strelchenko NS, Keefer CL, Matthews L (1996) Pluripotent
bovine embryonic cell lines direct embryonic development following
nuclear transfer. Biology of Reproduction 54, 100–110. doi:10.1095/
biolreprod54.1.100
Thuwanut P, Comizzoli P, Wildt DE, Keefer CL, Songsasen N (2017) Stem
cell factor promotes in vitro ovarian follicle development in the
domestic cat by upregulating c-kit mRNA expression and stimulating
the phosphatidylinositol 3-kinase/AKT pathway. Reproduction,
Fertility and Development 29(7), 1356–1368. doi:10.1071/RD16071
Vansandt LM, Pukazhenthi BS, Keefer CL (2012) Molecular markers of
spermatogonial stem cells in the domestic cat. Reproduction in
Domestic Animals 47(Suppl 6), 256–260. doi:10.1111/rda.12079
Vansandt LM, Livesay JL, Dickson MJ, Li L, Pukazhenthi BS, Keefer CL
(2016) Conservation of spermatogonial stem cell marker expression
in undiﬀerentiated felid spermatogonia. Theriogenology 86(4),
1022–1035.e3. doi:10.1016/j.theriogenology.2016.03.031
Weiner HS, Crosier AE, Keefer CL (2019) Analysis of metabolic ﬂux in felid
spermatozoa using metabolomics and ¹3C-based ﬂuxomics. Biology of
Reproduction 100(5), 1261–1274. doi:10.1093/biolre/ioz010
Zhou R, Comizzoli P, Keefer CL (2019a) Endogenous pluripotent factor
expression after reprogramming cat fetal ﬁbroblasts using inducible
transcription factors. Molecular Reproduction and Development
86(11), 1671–1681. doi:10.1002/mrd.23257
Zhou R, Wildt DE, Keefer CL, Comizzoli P (2019b) Combinations of
growth factors regulating LIF/STAT3, WNT, and FGF2 pathways
sustain pluripotency-related proteins in cat embryonic cells. Stem
Cells and Development 28(5), 329–340. doi:10.1089/scd.2018.0109

xvii

