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1 Abstract 
 

Hematopoietic stem cells (HSCs) can clonally expand throughout life, differentiate into all blood 

and immune cell types, and reconstitute depleted blood systems. They are the first clinically 

applied stem cell, and despite some success, substantial challenges remain in increasing efficacy 

and safety of hematopoietic cell transplantation. Emerging evidence suggests that unique HSC 

subpopulations exist at different developmental timepoints, some with functional characteristics 

which may prove to be clinically useful as therapeutic targets or benchmarks of HSC function. 

Murine models of hematopoietic development make the interrogation of HSC subpopulation 

phenotype and function more feasible. The Forsberg lab has identified one such subpopulation, 

developmentally restricted HSCs (drHSCs), in a murine lineage tracing model. The drHSC 

population exists transiently in situ between embryonic day E12.5 and neonatal day P14 and, as a 

population, maintains HSC functionality. This drHSC population has been observed to 

differentiate into lymphoid lineage cells with greater frequency than adult HSCs (aHSCs), but it is 

not clear if this bias is held at the single-cell or population level. Based on previous population-

based experiments, I hypothesized that drHSCs will form multilineage colonies in in vitro and in 

vivo Colony Forming Unit (CFU) assays, and that all drHSC derived colonies will maintain a 

higher proportion of lymphoid cells when compared to aHSCs or other HSCs from the same 

timepoint. In support of my hypothesis, I observed multilineage drHSC-derived colonies in both 

in vitro and in vivo CFU assays and identified greater lymphoid lineage frequency in most drHSC 

derived colonies when compared to colonies derived from aHSCs or other HSCs from the same 

timepoint. This study supports the conclusion that drHSCs are clonal and lymphoid lineage biased. 
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3 Aims  

 

Figure 1: Schematic of Experimental Aims. I aim to determine whether drHSCs form multilineage colonies (Aim 

1) and whether drHSCs display lymphoid lineage bias at the single-cell level (Aim 2). Figure made in BioRender. 

This study aims to determine the single-cell lineage potential of a population of murine 

hematopoietic stem cells (HSCs) called developmentally restricted HSCs (drHSCs). HSCs 

are capable of self-renewal throughout life, differentiation into all blood lineages, and 

reconstitution of depleted blood compartments [1]–[3]. Recently, the drHSC population was 

discovered as a fraction of fetal and neonatal HSCs existing between embryonic day 12.5 

(E12.5), and postnatal day 14 (P14) [4]. This drHSC population exists only perinatally in situ but 

appear to be functional HSCs with multilineage output, self-renewal, and serial transplantation 

abilities  [4]. In bulk transplantation experiments, drHSCs appear to robustly produce lymphoid 

lineage cells in greater frequency compared to other HSC populations within the same time point 

or when compared to HSCs derived from adulthood (aHSCs) [4]. This phenomenon will be 

referred to as a lymphoid lineage bias. This study seeks to provide further evidence of drHSC 

clonality, and to determine whether drHSCs maintain lymphoid bias at the single-cell level. 

Assessing drHSC clonality and lineage potential is important because specific HSC clones may 

have increased importance in hematopoietic production at specific developmental time points. 

Characterization of hematopoiesis in murine models may inform the development of cell-based 

therapies [5]. I hypothesize that drHSCs will form colonies in both the in vitro and in vivo 

multilineage assays and that all drHSC derived colonies will be lymphoid biased when 

compared to adult HSCs and other HSCs from the same time point. 

Aim 1: To determine whether drHSCs form colonies in in vivo and in vitro multilineage 

assays. I hypothesize that drHSCs will form multilineage colonies, as they appear to be 

functionally similar to other HSC subsets [4]. 

Aim 1a: In vitro colony formation from drHSCs. 

Aim 1b: In vivo colony formation from neonatal liver and bone marrow (BM) derived HSCs 

which may be drHSCs. 

Aim 1c: In vivo colony formation from drHSCs. 
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Aim 2: To determine whether drHSCs are lymphoid biased at the single-cell level. I 

hypothesize that all drHSCs will display lymphoid bias versus only some when compared to 

other HSCs from the same time point and from adulthood. 

Aim 2a: Lymphoid lineage composition of drHSC-derived in vitro colonies. 

Aim 2b: Lymphoid lineage composition of drHSC-derived in vivo colonies. 
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4 Background 
 

This section will detail a functional definition of hematopoietic stem cells (HSCs) and clonal 

hematopoiesis, the niche and its impact on hematopoiesis, developmental hematopoiesis, and 

provide background on in vivo and in vitro colony forming unit assays, all in relation to the study 

of developmentally restricted HSCs (drHSCs). 

 

4.1 The Function and Phenotype of Murine HSCs and Clonal Hematopoiesis 
 

Murine hematopoietic stem cells (HSCs) were first identified in the 1960s as cells capable of 

implanting on the spleens of irradiated mice and clonally generating multipotent cells capable of 

differentiation into erythroid, myelomonocytic, megakaryocytic, and lymphoid lineages (Figure 

2A) [6], [7]. This functional definition of HSCs has been expanded to include the ability of HSCs 

to reconstitute depleted hematopoietic compartments in irradiated hosts, and the ability for long 

term multilineage reconstitution after serial transplantation into irradiated recipients [1], [2]. 

Reconstitution of blood compartments in adult mice is largely attributed to the unique ability of 

HSCs to self-renew (clonally expand) to maintain a pool of multipotent progenitors which can 

differentiate into mature cells [1], [2].  

 

Figure 2: Step-wise and continuous hematopoiesis. A.) Hematopoietic tree depicting differentiation into distinct 

functional and phenotypically identifiable populations [8]. B.) Hematopoietic tree using continuous model of 

differentiation, adapted from Haas et al. [9]. Figure made using BioRender. 

Cell-surface marker observations of HSCs and their progeny, paired with functional analyses, have 

supported a hypothesis of step-wise differentiation from the multipotent, self-renewing HSC into 

oligopotent common myeloid progenitors (CMPs) and common lymphoid progenitors (CLPs) 

(Figure 2) [8]. This first primary bifurcation step is preceded by transient progression through a 

multipotent progenitor (MPP) stage which maintains full multipotency but has lost the ability to 

self-renew [1], [10], [11]. CMPs further differentiate into myelomonocyte, megakaryocyte, and 

erythroid progenitors, whereas CLPs differentiate into lymphoid lineage cells [8]. Despite the 

ability to isolate functional cell populations using cell surface markers, there is growing 
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transcriptomic evidence that hematopoietic differentiation occurs along a continuum rather than 

within discrete populations (Figure 2B) [12], [13]. Even so, as a predictor of cell function and 

lineage potential, isolation of cells using cell surface markers has generated reproducible and 

predictable results which support its continued use as a means of isolating populations of cells 

within a specific range of continuous differentiation [1], [12], [14]. 

 

Figure 3: Representative murine HSC gating strategy. Adult lineage stain includes antibodies recognizing GR-1, 

CD3, CD4, CD5, CD8, CD11B, B220, and TER-119 cell surface markers [1]. CD11b is not included in perinatal 

lineage stains because it has been found to be expressed on perinatal HSCs [15]. 

Functional young adult HSCs can be phenotypically identified from mouse tissue by cell surface 

markers detectable with flow cytometry: cKIT+, Sca1+, CD41-, and SLAMF1High cells negative 

for mature lineage markers GR-1, CD3, CD4, CD5, CD8, CD11B, B220, and TER-119 (Figure 3) 

[1], [2], [16]. However, cell surface markers of functionally similar cells may vary depending on 

time point. For example, CD11b has been found to be expressed on perinatal HSCs and is therefore 

not included in the lineage stain for HSC isolation at early time points [15]. Due to variation in 

cell surface expression, functional assays to determine self-renewal and serial reconstitution ability 

are integral to determining whether an isolated population of cells are truly HSCs. Section 4.3 will 

discuss a lineage tracing strategy for the identification of HSC subpopulations. 

 

Figure 4: Experimental schematic of HSC and multipotent progenitor (MPP) transplantation into an irradiated 

host. Chimerism observed via tail vein bleeding and flow cytometry. The top right graph displays chimerism data 

after transplantation of 200 HSCs, and the bottom right graph displays chimerism data after transplantation of 1,000 

MPPs (separate experiments). The transplanted HSC population results in multilineage reconstitution which persists 

indefinitely in the recipient, whereas the transplanted MPP population results in an initial burst in reconstitution and 
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then chimerism is reduced. This phenomenon is attributed to the ability of HSCs to self-renew indefinitely, allowing 

for progenitor pool maintenance. Figure adapted from Boyer at al. 2019 in BioRender [1]. 

Robust self-renewal ability is unique to HSCs. This is reflected in their ability to perpetually give 

rise to mature blood cells, while other hematopoietic progenitors such as multipotent progenitors 

(MPPs) give rise to mature blood cells for a limited time period after transplantation (Figure 4) 

[1]. Despite the persistence of functional HSCs throughout life, adult HSCs are primarily quiescent 

and in the G0 phase in situ [17]. As HSCs are the only multipotent cell in the hematopoietic system 

capable of self-renewal, and because MPPs cycle and differentiate with high frequency, the net 

HSC population may be able to modulate their cycling frequency and lineage potential based on 

the needs of the organism [8], [17]. Further, perinatal HSCs appear to cycle with greater frequency, 

which some have suggested is due to the increased tissue building and blood volume demands of 

the developing fetus [4], [18], [19].  

Within the fetal HSC (fHSC) population, increased cycling has been observed primarily in the 

drHSC subset, an apparently clonal population of HSCs which pass through a Flk2+ intermediate 

and persists in serial transplantation experiments despite disappearing in situ before adulthood [4]. 

This suggests that drHSCs may have a primary role in early hematopoietic development, clonally 

expanding to a greater extent than the non-drHSC fHSC fraction and generating lymphoid biased 

MPPs with greater frequency [4]. The drHSC population is just one example of a clonal population 

of HSCs with unique lineage output, as there is growing consensus that at varying developmental 

time points, more than one clonal HSC population may exist with altered lineage potential [2], [4], 

[9]. The discovery and identification of drHSCs will be discussed further in Section 4.3. 

Heterogeneity in the function of clonal populations of HSCs has implications for normal blood 

development and in their therapeutic potential. As HSCs are capable of reconstituting a depleted 

hematopoietic system, they can be utilized for the treatment of blood disease via ablation of the 

host blood compartment (myeloablation) and subsequent transplantation [5]. Transplanting HSCs 

with reduced lymphoid potential or, if proven possible in the future, induction of pluripotent stem 

(iPS) cells into an HSC phenotype with reduced lymphoid potential, could hinder reconstitution 

of a recipient’s immune system after its ablation, potentially increasing the risk of infection [5]. 

By performing functional assays to determine lineage output and clonal ability of drHSCs, I intend 

to provide evidence of the potential role of drHSC-like cells in reconstituting a depleted 

hematopoietic compartment, thereby informing HSC transplantation in the clinic. 

 

4.2 The Niche and Hematopoiesis 
 

HSCs are regulated extrinsically by the anatomical niche in which they reside [20], [21]. For 

example, clonal populations of HSCs with unique lineage potential have been found to reside in 

the bone marrow with predictable ratios of myeloid biased to lymphoid biased cells dependent on 

mouse age and tissue [21]. Furthermore, stromal cells residing in bone marrow have been found 

to directly support HSC maintenance in vitro and in vivo [20]–[24]. In order to compare intrinsic 

differentiation potential of HSCs, experiments are conducted in which HSCs are removed from 

their niche and transplanted into a controlled niche [2]. HSCs tend to poorly engraft without 

preconditioning human or murine recipients, so recipients are irradiated before transplantation to 

ablate the recipient hematopoietic compartment [2], [5], [23], [24]. Low engraftment may be due 



10 

 

to the host’s resident cells occupying physical and metabolic space, or due to an immunogenic 

response of the host to the graft (less evident in genetically identical murine models) [5]. There is 

some evidence in murine models that ex vivo expansion of HSCs would allow for the 

transplantation of a sufficient number of cells to engraft despite lack of host conditioning, however 

it is technically challenging [25]. Aside from easing engraftment, depleting the experimental niche 

with preconditioning allows for enhanced interpretation of the intrinsic ability of a clonal 

population of HSCs to differentiate into myeloid, erythroid, and lymphoid lineage progenitors. 

This is because there should be few resident hematopoietic cells to interact with the transplanted 

cells, potentially reducing biological variability. It should be noted that this interpretation occurs 

within an inflamed environment so intrinsic ability is not fully decoupled from extrinsic regulation 

[11]. 

Due to the ability of HSCs to reconstitute depleted host blood compartments, they are frequently 

used in the clinic [5], [26]. The treatment of blood disease using transplanted HSCs is 

immunologically taxing, and there are a number of challenges associated with its use, including 

graft vs host disease, host vs graft disease, post-transplant infection from depleted immunity, or 

inflammation resulting from myeloablative procedures which may damage the host niche [5]. Even 

under ideal clinical conditions, patients may experience low-levels of engraftment or delayed 

engraftment [5]. Research is needed to elucidate the optimal HSC phenotype for host niche 

reconstitution to restore blood system function with fewer complications. My research on the 

clonality and lineage potential of drHSCs may provide evidence of a therapeutically relevant HSC 

phenotype. Research on generating HSCs from induced pluripotent stem (iPS) or embryonic stem 

(ES) cells is well underway, and several groups have so far generated cells with hematopoietic 

progenitor function [27]–[29]. If drHSCs robustly self-renew and hold lymphoid bias at the single-

cell level, it may be feasible to identify what exact characteristics best predict this functionality, 

and to then generate a population of drHSC-like cells from iPS cells for therapeutic use. 

 

4.3 FlkSwitch Lineage Tracing Model and Developmental Hematopoiesis 
 

Emerging evidence supports the existence of temporally defined subpopulations of clonally active 

HSCs [2], [4], [21]. The presence of unique populations of HSCs suggests that the development 

of the mature hematopoietic system may be a net result of waves of HSCs which contribute to 

distinct lineage and cell types [2], [4], [14], [30]. One such population, drHSCs, were identified 

by our group using a FlkSwitch lineage tracing model. FlkSwitch mice are generated by crossing 

mice expressing Cre-recombinase under control of the Flk2 promoter (Flk2-Cre) with mice which 

contain a Tomato transgene flanked by LoxP sites and with cis GFP protein [4], [11] (Figure 5A). 

In resulting offspring, expression of Flk2-Cre will facilitate irreversible excision of the Tomato 

transgene, causing expression of GFP within the Flk2+ cell and all populations derived from it 

(Figure 5B) [4], [11]. All downstream progenitor and mature cells therefore pass through a Flk2+ 

intermediate, because they are observed to express GFP (Figure 5B) [11]. Adult HSCs were found 

to be Tomato, and therefore do not pass through a Flk2+ intermediate, while drHSCs are GFP+ 

and thus express or pass through a Flk2+ stage [4]. Importantly, there is a co-existing Tomato-

expressing perinatal HSC fraction (Tom+ HSCs), and drHSCs can never give rise to Tom+ HSCs 

due to Tomato transgene excision [4]. 
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Figure 5: The FlkSwitch lineage tracing model. A.) FlkSwitch transgenic mice contain both Flk2-Cre and the 

Rosa26-loxp-Tomato-STOP-loxp-GFP gene cassettes. Promotion of Flk2 results in expression of Cre recombinase 

which irreversibly excises the Tomato transgene and causes expression of GFP. Figure adapted from Boyer et al. [11]. 

B.) FlkSwitch facilitated lineage tracing. Flk2 expression results in excision of the Tomato transgene and all 

downstream progenitors and mature cells will appear GFP. CLPs express Flk2, so GFP expression is typically more 

frequent in lymphoid lineage cells because of two Flk2+ intermediates. CMPs do not express Flk2, and so exhibit GFP 

expression resulting from irreversible Tomato excision from an earlier progenitor. Adapted from Boyer at al. 2011 

[11]. C.) Waves of temporally distinct progenitors exist throughout development. In mice, primitive progenitors 

appear between embryonic day 7.5 (E7.25) and E10.5, Erythromyeloid progenitors (EMPs) appear between E8.5 and 

E11.5, Lymphomyeloid progenitors (LMPs) appear around E9.5, developmentally restricted HSCs (drHSCs) between 

E14.5 and postnatal day 14 (P14), and HSCs between E10.5 and the end of life. Adapted from Cool et al. [2] 

The drHSC population (GFP+ perinatal HSCs) were found to only exist transiently between 

embryonic day 12.5 (E12.5) and postnatal day 14 (P14) in situ (Figure 5) [4]. Despite this apparent 

lack of self-renewal, drHSCs can differentiate into all major blood lineages (megakaryocytic, 

myelomonocytic, erythroid, and lymphoid), and gain self-renewal function in serial transplantation 

assays [4]. As such, drHSCs appear to be functional HSCs. Experiments with bulk populations of 

cells have shown that drHSCs appear to have a greater propensity for differentiating into lymphoid 

lineage cells when compared to adult HSCs and Tom+ HSCs from the same time point (lymphoid 
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bias) [2], [4]. I will expand on these findings by utilizing in vivo and in vitro colony forming unit 

functional assays to determine the single-cell lineage potential of individual drHSCs. 

 

4.4 In Vivo Colony Forming Unit Splenic Assay (CFU-S) 
 

In 1963, Till and McCulloch postulated that single-cell clonal ability of HSCs could be identified 

utilizing a colony forming unit splenic assay (CFU-S) [6], [16]. In this early assay, irradiated mice 

were transplanted with chromosomally aberrant HSCs, some of which form colonies on the spleen 

of the recipient. A colony consisting of hematopoietic cells containing the same abnormality are 

highly likely to have originated from the same cell as a result of the very low probability that 

multiple cells will experience the same mutation [6]. Using these experiments, the in vivo colony 

forming capacity of hematopoietic stem cells was observed and the hypothesis of a single-cell 

colony origin supported. 

 

Figure 6: Modern CFU-S assay and analysis gating strategy. A.) Schematic of modern CFU-S assay in which 

fluorescent HSCs are retro-orbitally transplanted into lethally irradiated hosts in which they form splenic colonies 

where a single colony is derived from a single HSC, dissected, and analyzed using flow cytometry [1]. B.) 
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Representative murine gating strategy used in the in vitro and in vivo CFU analysis, adapted from Boyer at al. 2019 

[1]. Figure made in BioRender. 

The modern CFU-S assay utilizes fluorescent reporter genes and antibody fluorophore staining 

rather than chromosomal aberration to assess lineage potential and to segregate host from donor 

cells (Figure 6) [1], [16]. The single-cell origin of colonies in this assay has been further supported 

by experiments in which multiple variants of single-color HSCs are transplanted into irradiated 

hosts and splenic colonies consist primarily of a single color [1], [31]. Recent single-cell barcoding 

experiments also support the clonality of HSCs [14], [30]. To assess lineage potential I will stain 

and perform flow cytometric analysis of  erythroid progenitors (EP: FSCmid-hi, TER-119+, 

CD41-, Mac1-, Gr1-, B220-), megakaryocytic progenitors (Meg: FSCmid-hi, TER-119-, CD41+, 

Mac1-, Gr1-, B220-), myelomonocytes (GM: FSCmid-hi, TER-119-, CD41-, Mac1+, Gr1+, B220-

), and B cells (B: (FSCmid-hi, TER-119-, CD41-, Mac1-, Gr1-, B220+) (Figure 6B). T cells are 

not assessed because they appear at a later time point and require training in the thymus [1]. I will 

functionally test drHSCs in a modern CFU-S assay to determine their single-cell multilineage 

potential, and to delineate whether all drHSCs maintain lymphoid lineage bias or only some. In 

order to form a colony on the spleen, it is likely that the HSC population must clonally expand to 

generate sufficient numbers for some to implant [1]. Therefore, these experiments will provide 

evidence of drHSC clonality and provide an indication of whether the drHSC population is itself 

functionally heterogenous and/or potentially containing further unique HSC clones with distinct 

lineage potential. 

 

4.5 In Vitro Colony Forming Unit Assay 
 

 

Figure 7: Schematic of In Vitro Multilineage Differentiation assay. Fluorescent HSCs are plated on an OP9 stromal 

cell layer and incubated with cytokines to induce differentiation into all blood lineages. Colonies derived from single 

HSCs are stained and analyzed using flow cytometry [23]. Figure made in BioRender. 

Lineage potential can also be assayed utilizing in vitro Colony Forming Unit (CFU) assays (Figure 

7). In Vitro CFU assays typically induce differentiation within myeloid, or lymphoid, or erythroid 

lineages independent from one another. A novel CFU assay developed by Dr. Matt Inlay in the 

Weissman lab allows for differentiation into all lineages [23]. In this assay, a layer of OP9 stromal 

feeder cells are plated in order to induce differentiation into the lymphoid lineage, HSCs are plated 
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on top, and the media is supplemented with SCF, TPO, EPO, Flt3L, IL-7, and IL-15 cytokines to 

induce differentiation into all lineages (lymphoid, myelomonocytic, erythroid, and 

megakaryocytic) [23]. Using the in vitro multilineage CFU assay I will verify drHSC multilineage 

potential within a controlled environment.  
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5 Results 
 

This section will detail the results of in vivo and in vitro multilineage CFU assays used to assess 

clonal and multilineage potential of neonatal HSCs, neonatal drHSCs, and the co-existing neonatal 

Tom+ fraction of HSCs. I will address Aim 1 to determine whether drHSCs can form multilineage 

colonies in vitro (Aim 1a), to determine whether neonatal HSCs from liver and BM tissue, a 

population which has been found to contain drHSCs, are able to form multilineage colonies in vivo 

(Aim 1b), and to determine whether drHSCs isolated using a FlkSwitch lineage tracing model can 

form multilineage colonies in vivo (Aim 1c). Furthermore, I will address Aim 2 to determine 

whether drHSC-derived colonies in vitro (Aim 2a) and in vivo (Aim 2b) maintain a greater 

frequency of lymphoid lineage cells when compared to Tom+ HSCs and aHSCs. 

 

5.1 drHSC Derived in Vitro Colonies Appear Lymphoid Biased 
 

I adapted an in vitro multilineage differentiation assay developed by the Weissman lab. I 

hypothesize that I will observe colonies derived from drHSCs (GFP)+, and that some of these 

colonies will contain all lineages [23]. After verifying the presence of colonies and all lineages 

(Aim 1a), I intend to compare drHSC (GFP+) derived-colony lineage output to the co-existing 

Tomato+ HSC (Tom+ HSC) fraction. I hypothesize that drHSC derived colonies will generate 

lymphoid lineage cells (B cells) with greater frequency when compared to Tom+ HSCs (Aim 2a). 
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Figure 8: drHSC Derived in Vitro Colonies Appear Lymphoid Biased. A.) (Left) colonies derived from 100 

drHSCs isolated from FlkSwitch mice on neonatal day 0 (P0), imaged on day 9. (Right) colonies derived from 100 

Tom+ HSCs isolated from FlkSwitch mice on neonatal day 0 (P0), imaged on day 9. There appears to be a proliferative 

burst such that cells that originate from a single HSC remain clumped together. Further work is needed to verify this. 

B.) Lineage composition of cells from all colonies in a well show the net output of drHSCs to generate B cells 

(lymphoid lineage) with greater frequency when compared to the Tom+ HSC fraction. Gating strategy is utilized from 

Section 4.4, allowing identification of erythroid progenitors (EP), megakaryocytic progenitors (Meg), 

myelomonocytes (GM), and B cells (B). C.) B cell gate from analysis of bulk drHSC derived colonies and Tom+ HSC 

derived colonies. There qualitatively appears to be increased B cell output from drHSC derived colonies. Figure made 

using Prism, FlowJo, and Microsoft PowerPoint. 

I harvested P0 FlkSwitch neonatal liver and sorted drHSC (GFP+) and Tom+ HSC fractions to 

plate 100 HSCs into separate wells for bulk lineage output analysis. I observed colony formation 

from drHSCs, addressing Aim 1a of my study (Figure 8A). Due to analysis of all colonies in a well 

together, single-cell multilineage and/or lymphoid lineage output could not be adequately assessed 

(Aim 1a and Aim 2a). However, there appeared to be a greater frequency of B cells in the drHSC-

derived colony wells (Figure 8B). I identified the presence of EPs but their frequency was very 

low when compared to Meg, B, and GM cells, and so they do not appear on this graph (Figure 8B). 

Increased drHSC derived colony B cell frequency does not appear to be due to reduced output of 

other assessed cell types, but rather increased B cell count (Figure 8C). Surprisingly, B cell readout 

appears almost binary when comparing analysis from the drHSC colonies and the Tom+ HSC 

colonies, with the latter having virtually none. This is a preliminary experiment, and further work 

is still needed to identify single-cell lineage potential and to verify these findings. 

 

5.2 Neonatal HSC-Derived Splenic Colonies are Lymphoid Biased 
 

Postnatal day 5-6 (P5-P6) neonatal HSCs are a population of HSCs which contain drHSCs (see 

Section 4.3) [4]. I hypothesize that transplanting P5-P6 neonatal HSCs isolated from liver and 

bone marrow (BM), into lethally irradiated mice will result in HSC-derived colony formation 

which will be observable on day 13.5, that these colonies will contain all lineages (Aim 1b), and 

that all the colonies will be biased toward lymphoid cells when compared to adult HSC (aHSC)-

derived colonies (Aim 2b). This was a preliminary experiment performed due to a shortage of 

FlkSwitch lineage tracing mice. 
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Figure 9: Neonatal HSC Derived Splenic Colonies are Lymphoid Biased. A.) Five distinct neonatal BM HSC 

derived colonies (GFP+) on a KuO (orange fluorescence) adult mouse spleen, dissected on day 13.5 and imaged 

with Zeiss AxioZoom. B.) The total output of cells within each colony is greatest in neonatal BM HSC derived 

colonies, but neonatal liver HSC derived colonies also have greater output than adult BM HSC derived colonies. C.) 

D.) Neonatal HSC derived colonies robustly produce erythroid progenitors and so the proportion of other lineages is 

very small E.) Emphasizing GM, megakaryocytic progenitor, and B cell lineage frequencies, I find that the 

proportion of B cells in neonatal HSC derived colonies is greater than in adult HSC derived colonies. F.) When 

normalizing to GM, megakaryocytic progenitor, and B cell lineage frequencies, the proportion of B cells in most 

neonatal derived colonies is greater than in adult HSC derived colonies.  Analysis performed using FlowJo and 

Prism, figure made using Microsoft PowerPoint. Error bars represent SEM. For comparisons between three groups, 

the non-parametric Kruskal-Wallis test and Dunn’s multiple comparisons test were performed. *p < 0.05, **p < 

0.01. 

I sorted and transplanted 100 HSCs isolated from P5-P6 neonatal liver, P5-P6 neonatal bone 

marrow (BM), or adult BM tissues, respectively, into lethally irradiated recipients. At this time 

point, the primary location of hematopoiesis is transitioning from liver to the bone marrow, so both 

tissues were assessed separately [2]. Multilineage output is assessed by EP, Meg, GM, and B cell 

readout using the gating strategy depicted in Section 4.4 (Figure 6). Spleens were harvested on day 

13.5 of the in vivo CFU-S assay and I observed neonatal HSC-derived multilineage colonies, 

addressing Aim 1b of my study (Figure 9A and Figure 9D). I found neonatal BM derived HSCs to 
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be most productive in terms of absolute total cell count (Figure 9B). This observation supports 

increased productivity in early HSCs when compared to aHSCs [4], [20]. Different cell counts 

between neonatal BM and neonatal liver derived colonies support the existence of functional 

differences between HSCs derived from unique niches and the increased importance of BM at the 

P5-P6 developmental time point [20], [32].  

To assess lymphoid lineage potential of single neonatal HSC-derived colonies (Aim 2b), I 

identified and normalized to gated lineage cell types (EP, Meg, GM, B). I found colonies derived 

from neonatal HSCs (liver and BM) are most productive in terms of generation of EPs: (mean 

proportion ± SEM) 0.96 ± 0.008 and 0.93 ± 0.025, respectively. Increased EP potential may be 

due to the increased oxygenation needs of a growing neonate (Figure 9D) [1], [20]. Since erythroid 

production dominates CFU-S output, I also normalized the data after removing the erythroid 

fraction (gated Megs, GMs, and B cells). I found that neonatally-derived colonies maintain a higher 

proportion of B cells when compared to aHSC-derived colonies: neonatal BM HSC derived 

colonies at 0.10 ± 0.040, neonatal liver HSC derived colonies at 0.10 ± 0.028, and adult BM HSC 

derived colonies at 0.04 ± 0.008 (Figure 9E and Figure 9F) [4]. Furthermore, when maintaining 

this emphasis, I found that most neonatal HSC derived colonies contribute towards this lymphoid 

bias (Figure 9F).  

 

5.3 drHSC Derived Splenic Colonies Are Lymphoid Biased 

 

Next, I performed a CFU-S experiment using the drHSC population isolated from FlkSwitch 

lineage tracing mice (see Section 4.3). I hypothesize that transplanting neonatal day 0 (P0) drHSCs 

(GFP+) into lethally irradiated mice will result in drHSC derived colony formation which will be 

observable on day 12, that these colonies will contain all lineages (Aim 1c), and that all the 

colonies will be biased toward lymphoid cells when compared to both aHSC and neonatal Tom+ 

HSC output (Aim 2b). 
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Figure 10: drHSC Derived Splenic Colonies Are Lymphoid Biased. A.) (Left) Three distinct neonatal GFP+ 

drHSC derived colonies on a non-fluorescent adult mouse spleen. (Right) Two distinct neonatal Tom+ HSC derived 

colonies on a non-fluorescent adult mouse spleen. Spleens dissected on day 12 and imaged with Zeiss AxioZoom. 

B.) The total output of cells within each colony is greatest in Tom+ HSC derived colonies, but drHSC derived 

colonies also have greater cell counts than adult HSC derived colonies. C.) Overall colony B cell count appears to be 

greater in Tom+ HSC and drHSC derived colonies when compared to adult HSC derived colonies. There is no 

significant difference between Tom+ HSC and drHSC derived colony B cell count. D.) Tom+ HSCs and drHSCs 

robustly produce erythroid progenitors and so the proportion of other lineages is very small. E.) Emphasizing GM, 

megakaryocytic progenitor, and B cell lineage frequencies, I find that the proportion of B cells in drHSC derived 
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colonies is substantially greater than in Tom+ HSC and adult HSC derived colonies. F.) When normalizing to GM, 

megakaryocytic progenitor, and B cell lineage frequencies, the proportion of B cells in most drHSC derived colonies 

is greater than in Tom+ HSC and adult HSC derived colonies. Analysis performed using FlowJo and Prism, figure 

made using Microsoft PowerPoint. Error bars represent SEM. For comparisons between three groups, the non-

parametric Kruskal-Wallis test and Dunn’s multiple comparisons test were performed. *p < 0.05, **p < 0.01, ****p 

< 0.0001. 

I isolated aHSCs from adult BM, drHSCs and Tom+ HSCs from P0 FlkSwitch neonatal liver, 

and I transplanted 100 HSCs into lethally irradiated recipients, respectively. Multilineage output 

is assessed by EP, Meg, GM, and B cell readout using the gating strategy depicted in Section 4.4 

(Figure 6). Spleens were harvested on day 12 post-transplant and colony composition of drHSC, 

Tom+ HSC, and aHSC-derived colonies compared. I identified drHSC derived multilineage 

colonies which addresses Aim 1c of this study and supports drHSC multilineage colony forming 

capacity (Figure 10A and Figure 10D). I found Tom+ HSC derived colonies contain a 

significantly greater amount of donor cells when compared to drHSC and aHSC derived 

colonies: (mean cell count ± SEM) 17904978 ± 4506737, 8156160 ± 1967502, 4359809 ± 

1116594, respectively (Figure 10B).  

I then assessed whether drHSC-derived colonies are lymphoid biased at the single-cell level 

when compared to Tom+ HSCs and aHSCs (Aim 2b). Despite the significantly greater total cell 

count of Tom+ HSC-derived colonies, Tom+ HSC and drHSC derived colonies do not have a 

statistically significant difference in total B cell count (Figure 10C). This suggests that drHSCs 

may be less productive than the Tom+ HSC fraction in terms of absolute cell count. The drHSCs 

may nevertheless maintain greater lymphoid lineage potential to produce comparable B cell 

counts. Indeed, when normalizing colony lineage frequency to B, GM, and Meg lineages, I find 

that drHSC derived colonies maintain a substantially greater frequency of B cells when 

compared to Tom+ HSCs and aHSCs: (mean proportion ± SEM) 0.23 ± 0.064, 0.03 ± 0.009, and 

0.04 ± 0.008, respectively (Figure 10E and Figure 10F). I observed greater lymphoid lineage 

potential in most drHSC derived colonies when compared to Tom+ HSCs of the same time point 

and aHSCs (Figure 10F). Therefore, the drHSC population appears to be lymphoid lineage 

biased at the singe-cell level. 
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6 Discussion 
 

The results presented here support my hypothesis that drHSCs have multilineage colony forming 

capacity (Aim 1c), that they will form colonies with erythroid, megakaryocytic, lymphoid, and 

myelomonocytic lineages, and that most colonies derived from drHSCs are lymphoid biased 

when compared to other perinatal and adult HSCs (Aim 2b). The CFU-S assays I performed on 

drHSCs suggest that this population can clonally expand in vivo to allow for sufficient HSC 

numbers for spleen implantation. This is because HSCs circulate throughout the entire mouse 

body, so the identification of rare splenic colonies from a 100 cell transplant supports self-

renewal capacity  (see Sections 5.1 and 5.2) [16]. Furthermore, both the in vitro CFU and in vivo 

CFU-S assays suggest that individual drHSCs have multilineage potential (Figure 8 and Figure 

10). As such, I provide further evidence that drHSCs are a clonal population of functional HSCs 

with self-renewal and multilineage potential, despite disappearing in situ [4]. 

It is unclear whether in vitro drHSC lymphoid lineage potential is driven by intrinsic bias 

or extrinsic regulation by OP9 derived adipocytes. Preliminary experiments using the in vitro 

CFU multilineage assay to assess aHSC multilineage and colony forming potential resulted in no 

colony formation and only myeloid readout (data not shown). I identified neonatal drHSC and 

Tom+ HSC derived colonies after using new lots of aMEM media and OP9 stromal cells which 

were cultured well below confluency to avoid fat cell formation (adipogenesis) from the OP9 

cells (Figure 8). Neonatal derived HSCs also appear to be significantly more productive than 

aHSCs, which may have contributed to their apparent ability to form colonies where aHSCs 

could not (see Sections 5.1, and 5.2). Despite my efforts to avoid adipogenesis, I did still observe 

some adipocytes. This is concerning because OP9 stromal cell derived adipocytes have been 

shown to inhibit B cell generation by HSCs [24]. At this time, it is therefore unclear whether 

drHSCs have some ability to resist adipocyte induced B cell inhibition or whether observed B 

cell output is due to a lymphoid lineage bias (Aim 2a). 

In a preliminary neonatal HSC CFU-S experiment, neonatal HSCs were found to form 

colonies with multilineage output. The bulk population of P5-P6 neonatal HSCs was initially 

used due to a shortage of FlkSwitch donor mice. Both liver and BM derived neonatal HSCs were 

assessed because the P5-P6 developmental time point coincides with BM becoming the primary 

location of hematopoiesis, and the identification of multilineage colonies from both tissues 

addresses Aim 1b [2], [20]. I do not observe a significant difference in lymphoid lineage 

frequency when comparing liver and BM derived neonatal HSCs, suggesting both tissues may 

contain cells with similar lymphoid lineage potential (Figure 9). Because P5-P6 neonatal HSCs 

contain drHSCs, this experiment addresses Aim 2b and supports enhanced lymphoid lineage 

potential of individual drHSCs when compared to aHSCs (see Section 5.2) [4].  

Differences in lymphoid lineage potential of individual drHSCs and Tom+ HSCs suggests 

drHSCs are important in early immune development. The ability of isolated drHSCs to form 

multilineage colonies addresses Aim 1c and suggests that they are functionally similar to adult 

HSCs (see Sections 4.4, 5.1, 5.2, and 5.3) [1], [16], [23]. Interestingly, most drHSC-derived 

splenic colonies are made up of a higher proportion of lymphoid lineage cells when compared to 
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both Tom+ HSCs isolated from the same mice and aHSCs (Figure 10). This observed lymphoid 

lineage bias is substantial and allows drHSC-derived colonies to have comparable B cell counts 

to Tom+ HSC-derived colonies despite there being a smaller absolute cell count from drHSCs 

(Section 5.3). These findings support the conclusion that the neonatal HSC-derived splenic 

colonies assessed in Section 5.2 may be from drHSCs, although this experiment should be 

replicated using FlkSwitch mice to assess the true contribution from drHSCs. As such, drHSCs 

appear have an important role in early immune cell development [4]. The drHSC role in immune 

system development may one day hold clinical value, as a pathology associated with a reduction 

in the lymphoid compartment may be associated with altered or deficient lymphoid potential of 

the drHSC clonal population. 

Differences in donor age and length of assay may impact assessment of drHSC and Tom+ 

HSC contribution to hematopoiesis. The importance of drHSCs in development may be 

temporally restricted beyond their presence or absence, so assaying solely P5-6 or P0 time points 

is insufficient. This may be one reason neonatal drHSCs appear to form colonies with lower total 

cell count when compared to neonatal Tom+ HSC derived colonies on neonatal day 0 (P0) 

(Figure 10). Analysis of drHSC and Tom+ HSC derived splenic colonies occurred on day 12 out 

of concern that the mice would not survive until day 13.5 because two mice from the drHSC 

group died. It is possible that drHSCs produce colonies at a unique rate when compared to the 

Tom+ HSC fraction (burst ability), and that some cells from these colonies mobilize from the 

spleen and reduce its colony size before dissection and analysis. Repeating the CFU-S 

experiments with different donor time points and comparing colonies identified on day 12 and 

day 13.5 would provide more context for these observations. 

Murine drHSC insights may translate to human hematopoiesis. Substantial differences in 

human immune cell function have been observed when comparing derivation from fetal or adult 

HSCs [33]. In this study I have demonstrated in a murine model that neonatal HSC lymphoid 

lineage output may appear biased as a population but maintain differences within constituent 

clonal populations (see Section 5.2 and Section 5.3) [4]. This suggests that fetal lymphoid 

lineage output in humans may also be driven by a clonal population of drHSC-like cells. The 

identification of a drHSC-like clonal population in humans will be technically challenging 

because this population has so far only been identified using a in situ Cre lineage tracing model, 

which is not feasible or ethical in human research [4]. Hematopoietic cell surface markers 

between humans and murine models also differ, further complicating the identification of what a 

drHSC may phenotypically look like in humans. For example, CD150 is used for the 

identification of HSCs in mice, but is not expressed on human HSCs [2], [34]. Despite these 

challenges, the identification of drHSC-like cells in humans could prove to be an important 

therapeutic target or benchmark of HSC function. There is therefore substantial need for the 

development of human facing techniques for the in situ identification of developmentally 

restricted populations of HSCs. 
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7 Conclusions 
 

Neonatal HSCs, a population known to contain drHSCs, were compared to aHSCs in a preliminary 

CFU-S assay and most neonatal HSC derived colonies were found to maintain a higher lymphoid 

lineage frequency when compared to aHSCs. Next, neonatal drHSCs, neonatal Tom+ HSCs from 

the same timepoint, and aHSC derived splenic colonies were compared, and I observed that most 

drHSC derived colonies are lymphoid biased when compared to Tom+ HSCs and aHSCs. Finally, 

in a preliminary experiment I identified drHSC and Tom+ HSC derived in vitro colonies and found 

the bulk population of drHSC colonies to have lymphoid lineage output where the Tom+ HSC 

derived colonies do not. In conclusion, drHSCs form colonies in in vivo CFU-S and in vitro CFU 

multilineage assays, they appear to have lymphoid lineage bias at the population level, and most 

drHSCs contribute to lymphoid bias at the single-cell level. 

 

8 Future Directions 
 

Future work will include replicate CFU-S assays for all experimental groups (neonatal HSCs, 

neonatal drHSCs, Tom+ HSCs from same timepoint, and aHSCs). It will also be important to 

identify at what time points drHSCs appear to contribute most to immune system development by 

transplanting embryonic day 14.5, neonatal days 0 (P0), P4, and P14 drHSCs. The in vitro CFU 

assay will also be repeated in a manner which will allow for single colony isolation and analysis, 

for use as a single-cell functional assay. Cells within the drHSC population were observed to 

differentially express hundreds of genes when compared to the Tom+ HSC fraction [4]. Follow up 

experiments might use this RNAseq data to identify potential subpopulations of drHSCs and 

targets for antibody attachment. I could then perform in vitro and in vivo CFU experiments using 

different subpopulations of drHSCs to determine differential clonal capacity. Furthermore, 

metabolic and signaling pathways should be assayed comparing the drHSC and Tom+ HSC 

fractions to identify potential drivers of lymphoid bias. 
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9 Methods 
 

9.1 In Vivo Colony Forming Unit Splenic (CFU-S) assay 

Adult mice are between 8 and 12 weeks old. Lethally irradiated wildtype (C57BL/6) recipient mice 

are transplanted with 100 HSCs identified by a reporter fluorophore and as cKIT+, Sca1+, CD41-

, and SLAMHigh cells negative for mature lineage markers GR-1, CD3, CD4, CD5, CD8, CD11B, 

B220, and TER-119. All neonatal HSC stains exclude CD11B. Unless otherwise noted, 13.5 days 

post-transplantation spleens are dissected and visually examined for macroscopic colonies. Each 

colony is dissected and analyzed by flow cytometry for erythroid (EP), megakaryocytic (Meg), 

myelomonocytic (GM), and lymphoid (B) lineage cells. Markers used for erythroid progenitors: 

EP; FSCmid-hi, TER-119+, CD41-, Mac1-, Gr1-, B220-, megakaryocytic progenitors: Meg; 

FSCmid-hi, TER-119-, CD41+, Mac1-, Gr1-, B220-, myelomonocytes: GM; FSCmid-hi, TER-

119-, CD41-, Mac1+, Gr1+, B220-, and B cells: B; FSCmid-hi, TER-119-, CD41-, Mac1-, Gr1-, 

B220+ [1].  

9.2 In Vitro Multilineage Colony Forming Unit assay 

 

Assay adapted from Weissman lab [23]. OP9 Stromal cells were seeded on top of 0.1% (w/v) 

gelatin coated plates and maintained at a cell density of between 4E3 and 1E4 cells / cm2. 

Passaging before confluency is important to prevent adipogenesis. OP9 Stromal cells are seeded 

on day -1 at sufficient density to be near confluent by day 9 of the assay, but with minimal 

adipogenesis. HSCs are identified by their reporter fluorophore and as cKIT+, Sca1+, CD41-, 

and SLAMHigh cells negative for mature lineage markers GR-1, CD3, CD4, CD5, CD8, CD11B, 

B220, and TER-119. All neonatal HSC stains exclude CD11B. On day 0, HSCs are then plated 

on top of the OP9 Stromal cells in differentiation media containing aMEM, 10% serum, 100 μM 

monothioglycerol (catalog No. M6145; Sigma), 50 mg/ml L-ascorbic acid (catalog No. A-0278; 

Sigma), 100 U/ml penicillin / 100 μg/ml streptomycin (catalog No. 15140; Invitrogen), 1X 

GlutaMAX (catalog No. 35050; Invitrogen), and the cytokines SCF (rmSCF; Peprotech 250-03; 

10 ng/ml), TPO(rmTPO; Peprotech 315-14; 10 ng/ml), EPO (rhEPO; Invitrogen PHC2054; 0.5 

U/ml), Flt3L (mFlt3L; Peprotech 250-31L; 10 ng/ml), IL-7 (mIL-7; Pepro- tech 217-17; 10 

ng/ml), and IL-15 (IL15/IL15R complex; Ebio- science 14-8152; 5 ng/ml). On day 4 of the 

assay, half of the media in each well is replaced with differentiation media containing aMEM, 

10% serum, 100 μM monothioglycerol, 50 mg/ml ascorbic acid, 100 U/ml penicillin / 100 μg/ml 

streptomycin, 1X GlutaMAX, and the cytokines IL-7 (10 ng/ml), and IL-15 (5 ng/ml). On day 9, 

colonies are analyzed by flow cytometry for erythroid (EP), megakaryocytic (Meg), 

myelomonocytic (GM), and lymphoid (B) lineage cells. Markers used for erythroid progenitors: 

EP; FSCmid-hi, TER-119+, CD41-, Mac1-, Gr1-, B220-, megakaryocytic progenitors: Meg; 

FSCmid-hi, TER-119-, CD41+, Mac1-, Gr1-, B220-, myelomonocytes: GM; FSCmid-hi, TER-

119-, CD41-, Mac1+, Gr1+, B220-, and B cells: B; FSCmid-hi, TER-119-, CD41-, Mac1-, Gr1-, 

B220+ [1], [23]. 
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9.3 Fluorescent Microscopy 

 

All imaging was performed on a Zeiss AxioZoom belonging to the UCSC IBSC Microscopy 

Facility. For CFU-S imaging, a 0.5X objective was used and fluorescent filters of Cy3 EX: 

550/25 and GFP EX 470/40 were utilized. For in vitro CFU imaging, the same filters were used 

with a 1X objective. 
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