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CFU-S assay: a historical single-cell assay that offers modern
insight into clonal hematopoiesis
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Abstract

Hematopoietic stem cells (HSCs) have been studied extensively since their initial functional
description in 1961 when Dr. James Till and Dr. Ernest McCulloch developed the first /in

vivo clonal strategy, termed the spleen colony-forming unit (CFU-S) assay, to assess the
functional capacity of bone marrow—derived hematopoietic progenitors at the single-cell level.
Through transplantation of bone marrow cells and analysis of the resulting cellular nodules

in the spleen, the CFU-S assay revealed both the self-renewal and clonal differentiation
capacity of hematopoietic progenitors. Further development and use of this assay have
identified highly proliferative, self-renewing, and differentiating HSCs that possess clonal,
multilineage differentiation. The CFU-S strategy has also been adapted to interrogating single
purified hematopoietic stem and progenitor cell populations, advancing our knowledge of the
hematopoietic hierarchy. In this review, we explore the major discoveries made with the CFU-
S assay, consider its modern use and recent improvements, and compare it with commonly
used long-term transplantation assays to determine the continued value of the CFU-S assay for
understanding HSC biology and hematopoiesis.
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Hematopoietic stem cells (HSCs) are the only cells within the hematopoietic system that
possess the combined ability to differentiate into all lineages of functional blood cells

and self-renew indefinitely to sustain hematopoiesis throughout life. HSCs were originally
hypothesized to exist after the discovery that transplantation of healthy bone marrow

(BM) cells could rescue irradiated recipient animals and replenish their hematopoietic cells
through a tremendously dynamic process [1]. The hypothesis for the existence of HSCs
was reinforced when cells with multilineage capacity were discovered in 1961 by Dr. James
Till and Dr. Ernest McCulloch [2], who developed the first in vivo functional assay for
quantification of the clonal and differentiation potential of hematopoietic progenitor cells.
Since then, HSCs have remained one of the best-characterized tissue-specific stem cells,
both from a basic biology perspective and for their use in regenerative medicine, with
particular emphasis on clonal function [3-13].

In their seminal studies, Till and McCulloch developed the first /n vivo assay to assess

the proliferative and differentiation capacity of primitive hematopoietic cells in mouse BM
[2,14,15]. In these early experiments, the identity of cells capable of forming multilineage
spleen colonies was still uncertain, and these cells were appropriately and carefully termed
“colony forming units” (CFUs) based on their functional capacity. This initial demonstration
of a BM cell population capable of multilineage blood cell reconstitution resulted in a
paradigm shift in the field of hematopoiesis and opened several questions that this elegant
assay is uniquely positioned to answer. Here, we explore the major utilities of the spleen
colony-forming unit (CFU-S) assay, consider its modern use and recent improvements, and
discuss its utility in current hematopoiesis research.

ONE FROM ALL OR ALL FROM ONE: ARE SPLEEN COLONIES CLONAL?

Spleen colony formation is rare, with transplantation of approximately 10,000 BM cells
into conditioned recipients required to yield one spleen colony [2]. Initially, the linear
relationship between the number of hematopoietic nucleated BM cells transplanted and
the number of spleen colonies formed indicated that single cells may be able to give

rise to individual spleen colonies [2]. The CFU-S assay used by Till, McCulloch, and
their colleagues consisted of intravenously injecting BM cells from the femora of healthy
donor mice into recipients conditioned through lethal irradiation for host cell ablation. In
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a subsequent version of this assay, the donor cells were irradiated prior to transplantation
to induce unique, random chromosomal breaks that distinguish them from host cells and
distinguish single donor cells from one another. After 10-11 days, recipient mice presented
macroscopic nodules of cellular expansion in the spleen that were formed by rapidly
proliferating hematopoietic cells and composed of undifferentiated (stem and progenitor)
cells along with erythroblasts, granulocytes, and megakaryocytes (Figure 1A) [14,16,17].
If more than one differentiated cell type within a spleen colony, as readily scored by cell
morphology under a microscope, contained the same unique chromosome aberration, these
cells must have a shared cellular origin. As this was indeed the outcome, these studies
definitively demonstrated that individual cells with multilineage capacity exist within mouse
BM. Additionally, the vast majority of scored cells from a single colony harbored the

same unique chromosomal aberration, indicating a single, shared progenitor cell. Inducing
chromosomal breaks via irradiation to establish clonality was a particularly clever strategy
when more modern tools, such as flow cytometry (late 1960s [18]), polymerase chain
reaction (PCR) (1983 [19]), and monoclonal antibodies (1975 [20]), had not yet been
established. Thus, this CFU-S strategy provided direct cytological evidence indicating that
most, if not all, cells within a single colony arose from a single, highly proliferative,
multipotent CFU-S cell.

One caveat of the early CFU-S strategy was that radiation-induced chromosomal aberration
was only obvious in a small fraction of the colonies obtained and that only intact cells

in metaphase could be scored based on their karyotype, leaving the possibility that the
unscored cells were derived from one or more additional cells. More recent data from our
group and others support the evidence that each colony consists of progeny from a single
cell. In one of our studies, transplantation of as few as 10 HSCs directly into the spleen
resulted in several colonies, with some mice approaching a 1:1 HSC-to-colony ratio [21].
In a second study using fluorescence microscopy and flow cytometry, we observed only
single-color splenic colonies when an equal mixture of green fluorescent protein (GFP) and
Tomato fluorescent cells were transplanted into the same recipient [22]. Similarly, Fehse’s
group assessed clonality using a red-green—blue cell tracking methodology that resulted in
mostly homogenously colored spleen colonies upon transplantation [23]. In their study, the
very few CFU-S colonies that contained more than one color were potentially due to two
colonies initiating in close proximity and fusing together on growth. Definitive evidence
for clonality could be obtained via the relatively recent clonal tracking strategies, such

as single-cell barcoding [24-27]. Though not entirely unequivocal, the collective evidence
uniformly supports the original conclusion by Till and McCulloch that spleen colonies are
clonal.

PERSISTENCE MATTERS: DO CFU-S SELF-RENEW?

One hallmark of a true HSC is the ability to self-renew: to give rise to additional cells

with the same properties. Self-renewal is often demonstrated by the cell’s ability to
maintain multilineage reconstitution on secondary transplantation. In one of the first direct
demonstrations of /n vivo self-renewal, injection of day-10 spleen colony content into
secondary irradiated recipient mice revealed that colony-forming cells include cells with the
regenerative capacity expected of stem cells (Figure 1A) [15]. Supporting the conclusion of
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CFU-S self-renewal was the observation that the number of colony forming cells rapidly
increased between days 10 and 14 after transplant, thus revealing that CFU-S cells can give
rise to more cells with CFU-S capacity [15]. Additional studies from Schofield et al. [28]
calculated the probability of CFU-S self-renewal and estimated that, on average, 68.3% of
cells will produce more CFU-S while 31.7% will differentiate. Thus, CFU-S cells were
defined as colony-forming hematopoietic progenitor cells that are highly proliferative and
capable of differentiation and self-renewal.

CFU-S KINETICS: WHAT DO EARLY AND LATE SPLEEN COLONY
FORMATION TELL US?

On transplantation of BM cells, a fraction of CFU-S cells (containing both stem and
progenitor populations) will home to the spleen of the recipient mouse and give rise to
colonies of heterogeneous composition. Given that transplanted, heterogeneous BM contains
various hematopoietic progenitor populations along all stages of differentiation, the cellular
output kinetics could inform relative contributions by unique CFU-S subpopulations. Indeed,
an initial study found that colonies present at days 7-8 post-BM transplan consisted
primarily of erythroblasts and were formed by unilineage, non—self-renewing mature
erythroid precursors [29]. Importantly, cell purification technology progressed in parallel
with CFU-S assays, allowing more purified populations, rather than whole BM, to be
transplanted. Thus, although a small proportion of megakaryocyte/erythrocyte progenitor
(MEP)—derived erythroid colonies persisted through day 12 [29-32], transplantation of
MEPs purified via fluorescence-activated cell sorting (FACS) confirmed that day 8
erythroid-only colonies originated primarily from the MEP, and not the HSC, population
[22,31,33].

Conversely, cells higher in the hematopoietic hierarchy form colonies with slower kinetics.
On transplantation of purified HSCs or multipotent progenitors (MPPs), no spleen colonies
formed at day 8, potentially because their differentiation kinetics cause a delay in the
production of effector cells [22,31,33]. Instead, HSCs and MPPs formed colonies primarily
at day 12 when transplanted together [17] or at days 11-12 (MPPs) or 12-14 (HSCs)

when transplanted separately, with HSCs having a much higher CFU-S frequency than
MPPs [22,33-35]. Moreover, purified long-term (LT) HSCs and short-term (ST) HSCs
exhibited similar day 11-12 CFU-S activity and frequency, but ST-HSCs were able to form
visible spleen colonies at day 8, which is consistent with their increased radioprotective
capacity compared with LT-HSCs [22,33-38]. The composition of both HSC- and MPP-
derived spleen colonies was heterogeneous and multilineage, with most colonies containing
erythrocytes, granulocytes, and some megakaryocytes [22]. Previously, all day 12 colonies
had been found to contain CFU-S cells of varying self-renewal and differentiation potential
[15,17,30,39]. Thus, the splenic colonies appearing at this time point contain self-renewing
primitive stem cells that are multipotent at the single-cell level [30,39,40]. HSC-Derived
colonies arise between days 12 and 14, and only colonies with this timing contain
multipotent HSCs. Of note, beyond 14 days, satellite colonies start forming, confounding
identification and analysis of primary colonies. Taken together, multiple progenitor cells
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can form spleen colonies with different kinetics and cell output, and the CFU-S assay can
resolve these temporal and cellular features.

TECHNOLOGY BOOSTS THE RESOLUTION AND THROUGHPUT OF CFU-S

ASSAYS

Historically, determination of the composition of splenic colonies relied solely on
histological analysis of dissected spleens. New technologies, most importantly the
development of monoclonal antibodies and flow cytometry, have enabled strategies with
increased resolution and higher throughput. To improve the measurement of CFU-S cell
output, we recently published an updated, flow cytometry-based version of the original
CFU-S assay (Figure 1B) [22,41]. This consists of transplanting specific FACS-purified
hematopoietic populations, scoring colony frequency, then dissecting and individually
analyzing the resulting splenic colonies qualitatively and quantitatively by flow cytometry
for erythroid, megakaryocyte, granulocyte, and B-cell lineages (Figure 1B). The detection
of B cells (Ter119-,CD41, Macl™, Grl~, B220* cells) is an important addition as previous
histology-based analyses were unable to assess B-cell production, and lymphoid output
would reinforce both the identity and multilineage potential of the input cells. Importantly,
by first excluding erythroid (Ter119), megakaryocyte (CD41), myeloid (Mac1/CD11b), and
granulocytic (Grl, Ly6C/Ly6G) cells, B220 expression is highly selective for B-lineage
cells. As expected based on the slower kinetics for B-cell development, especially from
HSCs [22,33], the number of B cells within colonies was low relative to that of erythroid
and other cell types. We note that T-cell output cannot be assessed as more time

and thymic involvement are required to produce these cells. The enhanced sensitivity

flow cytometry provides also allows for the quantitative determination of rare stem and
progenitor populations among individual colonies. Using this updated method, we found
that day 13.5 colonies formed by purified HSCs, and day 11.5 colonies from Flk2-positive
MPPs, contained cells from the erythroid, myeloid, megakaryocytic, and B-cell lineages,
with erythroid cells constituting the most cells within a colony. Collectively, these data
illustrate that this updated CFU-S assay can determine the multilineage potential of HSCs
beyond what histological analyses provide, coupled with magnitudes higher throughput
and sensitivity. Additionally, as indicated earlier, combining this improvement with cellular
barcoding and intrasplenic transplantation may provide even more robust experimental CFU-
S determination.

The CFU-S assay can also be used to determine the clonal differentiation capacity of many
hematopoietic progenitors, similar to what was initially done to determine that MEPs were
the cells responsible for producing most day 8 splenic colonies [22,31]. Transplantation of
FACS-purified common myeloid progenitors (CMPs), which are classically placed upstream
of both myeloid and erythroid/megakaryocytic lineages, gave rise to colonies containing
primarily erythroid cells at day 9.5; the scarcity of nonerythroid cells is possibly due to
their low burst size [22,31]. Transplantation of megakaryocyte progenitors (MkPs) did not
produce colonies visible to the eye between days 8 and 12, however, histological analysis
revealed microscopic foci of megakaryocytes in recipient mice [42]. Finally, common
lymphoid progenitors (CLPs) [43] and granulocyte/monocyte progenitors (GMPs) [31,33]
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do not possess day 8-12 CFU-S capacity. This could be due either to inefficient homing

to the spleen, their low burst size, and/or differentiation kinetics outside the optimal 8- to
14-day window. Lack of CLP- or GMP-derived CFU-S colonies also reinforces the notion
that erythroid potential is a hallmark of CFU-S. Further research into the dynamics of
specific progenitor populations in the CFU-S assay may reveal additional and/or differential
functional capacity, further informing hematopoietic progenitor biology.

COMBINING CFU-S ASSAYS WITH MODERN GENETICS

Although not currently as common as other /n vivo analyses, CFU-S assays remain valuable
as a qualitative and quantitative method to assess the properties and function of various
stem and progenitor cell populations. Genetic manipulation of hematopoietic cells and/or
their environment is increasingly common, and the CFU-S assay is uniquely positioned to,
quickly and accurately, provide functional insights into subsequent effects on hematopoietic
stem and progenitor cell (HSPC) differentiation, expansion, and homing. For example,
Kruse et al. (2009) observed that transplantation of whole BM from double heterozygous
mutants for Fli-1 and Erg, two Ets proteins known to play roles in hematopoiesis and
leukemia, respectively, formed significantly fewer and smaller day 11 spleen colonies
compared with wild-type or single heterozygous mice for either gene [44]. This suggested
that the genetic interaction between Fli-1 and Erg is critical for normal HSC and

progenitor function. Similarly, Summers et al. [45] observed that loss of histone deacetylase
3 (HDACS3) yielded no colonies at either day 8 or 12 following BM transplantation,
confirming HDAC3’s role in supporting the proliferation of HSC and progenitor cells.

The CFU-S assay is also used to study extramedullary hematopoiesis in the splenic
environment. For example, Mehatre et al. [46] investigated the role of periostin (POSTN)-
integrin-av signaling in splenic HSC function by transplanting healthy BM cells into wild-
type or Postn knockout (KO) mice and compared the number of spleen colonies at day

12. They observed a significant decrease in the number of spleen colonies in Postn KO
mice, suggesting that the POSTN-deficient splenic microenvironment may not be able to
support either the homing and/or growth of hematopoietic progenitors. In another study

by our group, Rajendiran et al. [41] transplanted wild-type HSCs into control and CXCL12-
overexpressing mice, which exhibited no differences in size, number, or composition of
splenic colonies. This suggested that overexpression of CXCL12, which is essential for
HSC trafficking, does not affect homing of HSCs to the spleen. Relevantly, a modified
CFU-S assay can be used to study homing itself. On transplantation of BM cells or more
purified populations, only a fraction of the colony-forming cells will home to the spleen
while the rest will migrate elsewhere. To address this homing issue, we previously altered
the CFU-S assay protocol to inject donor cells directly into the spleen (intrasplenically [IS]).
By comparison, the CFU-S frequency of MPPs injected IS was comparable to the CFU-S
frequency of HSCs injected retroorbitally, suggesting that homing efficiency affects, but
does not entirely account for, the differential efficiency of colony formation [21]. Given the
importance of homing, the traditional application of this assay underestimated the CFU-S
frequency potential of the cell population of interest. Collectively, the historical importance
combined with recent advancements underscores the power of the CFU-S assay and supports

Exp Hematol. Author manuscript; available in PMC 2022 April 27.
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its continued use for assessing the functional capacity of hematopoietic stem and progenitor
cells.

THE HEAVYWEIGHT CHAMPIONSHIP: CFU-S VERSUS LONG-TERM
RECONSTITUTION ASSAYS

The most widely accepted methods for investigating /n vivo HSPC self-renewal,
differentiation, and expansion capacity are the CFU-S assay and the more recently
developed long-term repopulation assay (LTRA) [47]. Similar to CFU-S assays, LTRA
requires transplantation of donor BM or purified hematopoietic stem/progenitor cells into
(usually) preconditioned hosts. Blood is then monitored at different time points to assess
long-term reconstitution of hematopoietic lineages [21,22,41,48-51]. A transplanted cell
population is considered to have long-term multilineage reconstitution (LTMR) potential,
a key HSC property, if it continues to self-renew and differentiate in primary recipients
beyond 16 weeks posttransplantation and on secondary transplantation [52,53]. LTRAs are
performed to verify that one or more bona fide HSCs are present among the transplanted
population of interest; persistence and secondary reconstitution distinguish HSCs from
hematopoietic progenitors, as the latter will not support hematopoiesis beyond a few weeks
post-transplantation.

The CFU-S and LTRA assays readily complement each other (Table 1). For example,
Forsberg et al. (2006) transplanted HSCs, ST-HSCs, MPPs, and CMP/MEPs for both
CFU-S and LTRA analyses [33]. The CFU-S assay indicated the short-term kinetics of
erythropoietic output potential and revealed that erythroid cell generation is a clonal
feature of all these populations (but not of GMPs), whereas LTRA allowed investigation

of their long-term kinetics of peripheral blood reconstitution. Transplantation of bulk cell
populations into a recipient can be used to determine self-renewal and LTMR at the
population level; however, it cannot determine whether the donor cells are homogeneous
or heterogeneous. To determine the clonal capacity of each transplanted cell, single-

cell /n vivo clonal analyses are required. These include CFU-S assays and single-cell
transplantation [36]. It is important to note that CFU-S assays cannot, alone, be used to
assess long-term multilineage reconstitution and self-renewal because spleen colonies get
resorbed before LTMR can be determined. Importantly, however, relative to the resource-
intensive and technically challenging single-cell transplantation, CFU-S assays are fast and
straightforward, and can be used to answer similar questions. For example, CFU-S assays,
such single-cell transplantation [22,54], illustrated that a substantial fraction of HSCs and
MPPs are multipotent at the single-cell level and can differentiate into both erythromyeloid
and lymphoid lineages [22].

CONCLUSION: CFU-S STRATEGIES STANDING STRONG

The CFU-S assay revolutionized hematopoiesis and stem cell biology at a time when rare
hematopoietic cells had not yet been identified based on immunophenotypic markers. It
provided the first direct /n vivo evidence of stem cells and led to both transformational
strategies and pioneering discoveries that we continue to build on today. This includes the
first “draft” of the hematopoietic hierarchy that places the multipotent CFU-S at the top,

Exp Hematol. Author manuscript; available in PMC 2022 April 27.
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followed by more committed progenitors that give rise to mature myeloid and lymphoid
effector cells [15,55-57]. To this day, CFU-S are an important complement to /77 vivo assays
and /n vitro clonal assays with the advantage of being able to address questions of stem cell
clonality under a spectrum of physiological, disease, and experimental conditions.
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HIGHLIGHTS
A perspective on the first in vivo clonal stem cell assay is provided.

The self-renewal and differentiation capacity of spleen colony-forming cells is
discussed

Technology boosts the resolution and throughput of CFU-S assays.

The current day value of CFU-S assessment is determined.
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Figure 1.
Schematic of CFU-S assays. (A) In the original CFU-S assay developed by Till and

McCulloch in 1961 [2], bone marrow cells were harvested from donor mice and irradiated
prior to intravenous injection into irradiated recipient mice. Ten days post transplant, spleens
were counted, harvested, and sectioned for histologic analysis. For serial transplantations

to determine self-renewal of CFU-S cells within spleen colonies [15], individual colonies
were dissected and transplanted into secondary recipients as single-cell suspensions. Spleen
colonies formed after secondary transplantation were analyzed similarly to those from
primary transplantations [15]. (B) In the updated CFU-S assay with high throughput,
quantitative analysis, HSCs (or other hematopoietic progenitors) were FACS-purified and

Exp Hematol. Author manuscript; available in PMC 2022 April 27.
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transplanted into irradiated recipient mice. At 13.5 days post transplan, individual spleen
colonies were counted, harvested, and dissected under a fluorescent microscope [22]. Single-
cell suspensions from each colony were then analyzed by flow cytometry to assess colony
composition and cell fluorescence. Four lineages (erythroid, megakaryocytic, granulocytic,
and B cell) were identified using the markers listed in the table [22,41]. BM=bone marrow;
CFU-S=spleen colony-forming unit; HSCs=hematopoietic stem cells.

Exp Hematol. Author manuscript; available in PMC 2022 April 27.
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