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Abstract 

Antibody secretion by the B cell is an integral part of our immune system. 
Since our body contains millions of B cells expressing unique antibodies, 
together they afford an impressive range of antigen specificities and 
protection against pathogens. This diversity originates from molecular events 
during B cell development, which outputs mature B cells capable of 
recognizing foreign antigen while being tolerant towards the self-antigen of 
the own body. However, there are exceptions to this central rule of immune 
tolerance and weakly self-reactive antibodies are abundant in the blood of 
healthy humans and mice. In the mouse, many of these self-reactive 
antibodies are produced by the B-1a subset of B cells, a rare cell type that 
was primarily generated in early-life and then maintain by self-renewal in 
adults. As such, the early-life origin of B-1a cells means that B cell 
development in early-life allows for a degree of self-reactivity, whereas self-
reactivity is strictly counter selected in adults. Therefore, B-1a cell 
development makes for a handy gateway population to study self-reactive B 
cell development in early-life. An important advancement in our 
understanding of B-1a development was the identification of its dependence 
on LIN28B, an RNA-binding protein that exerts post-transcriptional gene 
regulation. The exact LIN28B mechanism in B cell progenitors has not been 
known and the subject matter of this thesis. 

Given how self-reactive B cells are normally counter selected during B 
cell development, we hypothesized that LIN28B must instead enable positive 
selection of such self-reactive specificities. Indeed, by focusing on the Imm-
B cell stage of development where self-reactivity is normally censored, we 
identified a subset that express the surface marker CD5, have elevated levels 
of BCR signalling, and develop into the B-1a subset. To identify the 
underlying mechanism, we explored the LIN28B mRNA interactome in B 
cell progenitors and identified binding of known LIN28B targets from 
studies outside of B cell development, including transcripts for ribosomal 
proteins. This led to the discovery of elevated protein synthesis as a novel 
hallmark of neonatal B cell development, being particularly elevated in the 
CD5 positive Imm-B subset. Importantly, B cell development during early-
life crashes under a slight reduction in protein synthesis but becomes normal 
once the neonate matures and switches to producing adult type, CD5 negative 
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Imm-B cells. Finally, we then explored how a LIN28B-mediated increase in 
glucose uptake might support B-1a cell development, by providing the cell 
with more biomass and ATP. This did indeed identify a LIN28B-dependent 
increase in glucose uptake by all the B cell progenitors but the impact on 
specifically B-1a development is still unclear and more work is necessary to 
fully understand any connection. 

Taken together, our work establishes how LIN28B expression in early life 
augments B cell progenitor metabolism and facilitates positive selection of 
self-reactive CD5 positive Imm-B cells to produce the B-1a subset. Since 
LIN28B is capable of inducing positive selection of self-reactive clones that 
normally are negatively selected during B cell development, these findings 
are not only of interest to B-1a development but also for the understanding 
of the important central tolerance mechanism. In addition, insights during 
our studies indicate that LIN28B might affect development before the Imm-
B cell stage to enable the output of CD5 positive Imm-B cells, which is an 
ongoing subject of investigation beyond this thesis work. 
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The unique early-life  
immune cells 

The time around birth represents a unique immunological challenge. 
Following the absence of exposure to foreign antigen during development in 
the uterus, our immune system is suddenly faced by an explosion of antigens 
at birth and must quickly build up protection against a continuous invasion 
of pathogens. Interestingly, the immune cells at this critical time are 
functionally distinct from those that will later come to dominate the adult 
immune system. This functional distinction is well exemplified by the B cell 
lineage, the antibody producing component of our immune system. Early life 
B cells are enriched by ‘innate-like’ B cells, a designation made in reference 
to their similarity to the simple, germline encoded immune cells rather than 
being diverse and adaptive as the adult B lymphocytes (1). Their distinction 
is also manifested by different antigen specificities, where the adaptive B cell 
repertoire is diversified and unique to every individual but the innate-like B 
cell repertoire is semi-invariant and shared among unrelated individuals. 
Curiously, the invariant specificities of innate-like B cells recognize not only 
foreign antigen but also self-antigen, whereas adult B cells are strictly purged 
from self-reactivity to prevent autoimmune disease (2). This begs the 
question of how early-life development is different from the adult to enable 
development of self-reactive B cells? While the scientific community has 
been aware of this distinction for a long time (3), the underlying mechanism 
still needs further investigation. 

The observation that early-life B cells were distinct from their adult 
counterpart laid the foundation for the ‘layered immune system hypothesis’, 
which posits how layers of distinct immune cells are produced by waves of 
distinct immune cell precursors over our lifetime (4). As many immune cells 
are long-lived, this is not only relevant for neonatal but also adult immunity. 
Indeed, while this thesis focuses on the B cell lineage (5), a layered immune 
system is also recognized for T cells (6) and macrophages (7). 
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An introduction to B cells in the human and mouse 
The antigen specificity of a B cell depends on its B cell receptor (BCR), a 
membrane bound immunoglobulin (Ig) molecule that the B cell will also 
secrete as an antibody upon antigen recognition. To express a BCR, each B 
cell must recombine its Ig loci from a germline configuration into a 
functional gene capable of producing an Ig protein. This happens during B 
cell development, where pseudo-random recombination of different gene 
variants spread throughout the locus lays the foundation for a diverse BCR 
repertoire with different antigen specificities (8). As each B cell express a 
unique BCR with a unique antigen specificity, this affords an impressive 
breadth of antigen specificities that together provide a range of 
immunological protection. The mature B cell can later hone its antigen 
specificity by the process of somatic hypermutation or switch its antibody 
class to change what type of antibody-mediated immune response it will 
trigger. In total, there are five different Ig classes: IgA, IgD, IgE, IgG, and 
IgM. 

Upon recognition of its antigen, the BCR triggers a complex network of 
signalling pathways that activates the B cell to promote differentiation, 
survival, and proliferation (9). Antigen binding by the BCR induces a 
conformational change that enables phosphorylation of immunoreceptor 
tyrosine-based activation motif (ITAM) residues on the coreceptors CD79A 
(also known as Igα) and CD79B (also known as Igβ). This leads to further 
phosphorylation and signal propagation through several components of the 
BCR signalling pathway, including splenic tyrosine kinase (SYK), B cell 
linker protein (BLNK), phospholipase Cγ2 (PLCγ2) and Bruton tyrosine 
kinase (BTK). Ultimately, this enables B cell activation by increasing the 
intracellular level of calcium and activation of several transcription factors. 
A much simplified schematic of BCR signalling with a focus on the relevant 
pathways for this thesis work is provided in Figure 1. 
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Mature B cells can be divided into subsets based on their function (dependent 
on the BCR and additional receptors), tissue localization, and surface marker 
expression. In the mouse, they are broadly separated into the follicular B 
(FoB) cells, marginal zone B (MzB) cells, and the B-1 B cells. The non-B-1 
B cells are sometimes collectively referred to as ‘B-2’ cells. Their function 
is non-redundant and only together do all the B cell subsets make up a 
complete B cell compartment (10).  

The FoB subset is the most numerous in the body and they populate the 
follicles of the spleen from where they recirculate through the blood and 
lymph to B cell areas of the lymph nodes, bone marrow, and intestinal 
Peyer’s patches. Long-term survival depends on recognition of its cognate 
antigen, otherwise the FoB cell will turn over after a few weeks of circulating 
in the periphery. Upon antigen recognition, they differentiate into either 
plasma blasts that secrete vast amounts of antibody or memory B cells that 
will be recalled upon future infection. In contrast to the FoB cells, the MzB 
and B-1 cells are instead long lived and spontaneously secrete antibody even 
without antigen stimulation (11). Together they provide a rapid response to 
particular antigen before the more specialized but slower response of FoB 
cells. The MzB cells populate the spleen where they line the B cell follicle 
and secrete IgM or class switched IgG to provide a first-line of defence 
against blood-borne pathogens. B-1 cells are rare in the spleen but the major 
B cell population in the serous cavities of the body (12). The B-1 subset 
function as a regulator of homeostasis by clearing dead cell debris and 
producing anti-inflammatory cytokines such as IL-10. The B-1 suset is 

Figure 1. Simplified schematic of BCR signalling. Antigen binding induces a conformational 
change the enables phosphorylation of its coreceptors CD79A and CD79B. This is followed by 
phosphorylation of downstream components to propagate a signal that increases intracellular 
calcium levels and activity of transcription factors that ultimately promote survival, proliferation, 
metabolism, and differentiation. 
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further separated based on CD5 expression into B-1a cells (CD5 positive) 
and B-1b cells (CD5 negative), with B-1a cells being primarily generated in 
early-life whereas B-1b cells are also produced in adulthood. While FoB and 
MzB cells are readily found in humans, the promiscuous CD5 expression on 
human B cells has foregone the identification of a human B-1a and its 
existence remains a controversial subject (13). Nevertheless, human B cells 
that are functionally similar to the murine B-1a have been identified (14) and 
argues that at least a functional equivalent also exists in humans. 

Discovery of the B-1a subset 
While antibody secretion is dramatically increased upon infection and 
activation of the B cells, a certain amount of antibody is constantly present 
in the blood of healthy individuals. For the IgM class, a significant proportion 
at steady-state consists of ‘natural antibodies’ (nAbs) that are spontaneously 
produced by B cells without the need of exogenous stimulation (15). 
Curiously, many of them recognize self-antigen in addition to foreign 
antigen, which is believed functionally important by providing immunity 
towards certain antigen and by helping to clear debris of dead cells from the 
body. Still, the existence of self-reactive specificities is curious given the 
danger of triggering an immune response towards the self.  

In the mouse, many nAb specificities are conspicuously enriched within 
the B-1a subset. This subset was first discovered during pioneering work on 
the flow cytometer that identified a B cell subset expressing the pan T-cell 
antigen CD5 (also known as LY-1) (3). Soon thereafter it was realized that 
the B-1a cells are a functionally distinct subset that produce virtually all the 
nAb against a cryptic antigen on damaged red blood cells (16). Furthermore, 
we now know that B-1a cells are enriched by a broad range of self-antigen, 
including phosphatidylcholine (PtC) (17), bromelain treated red blood cells 
(16), thymocyte antigen (18), oxidized lipids (19), and annexin IV (20). In 
addition, B-1a cells also become enriched in certain mouse models of 
autoimmunity (21-23). As such, the B-1a subset represent a useful population 
in the mouse to study the general phenomena of self-reactive B cells.  

A striking distinction of the B-1a subset is its unique BCR repertoire that 
endows reactivity towards self-antigen. The B-1a BCR repertoire is enriched 
for certain Ig genes, whereas Ig usage among B-2 cells is much more diverse. 
Such ‘stereotyped’ Ig usage is important for the recognition of self-antigen. 
For example, reactivity towards the cryptic antigen on damaged red blood 
cells (16, 24) is enriched for expression of certain Ig genes beyond a  
stochastic representation of their expression in the germline. Furthermore, 
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the same enriched Ig usage is repeatedly between unrelated individuals. As 
such, such antibodies are referred to as ‘public clonotypes’ and have been 
hardcoded into the immune repertoire over evolutionary time. 

B-1a cells are generated early in life 
Given their enrichment in stereotyped specificities against self-antigen and 
enrichment in autoimmune mouse models, the B-1a subset was a hot topic 
among B cell scientists at the end of the 1980’s. Around this time, B cells 
were routinely generated and studied by transferring bone marrow from adult 
donor mice into recipient mice. As such, it was a surprising finding that adult 
bone marrow transfer failed in generating specifically the B-1a subset. 
Instead, transfer of neonatal bone marrow, spleen, or liver all output B-1a 
cells in the recipient (25). This indicated that B-1a cells in the adult had been 
generated in early-life and then maintained as mature cells in the periphery 
(26). Indeed, transplantation of the same immunophenotypically defined B 
cell progenitor (CD43+B220+THY1.2-, Pro-B cell) from fetal liver but not 
adult bone marrow generated B-1a cells in recipient mice (27). Two possible 
explanations were put forth to explain this: I) that the B-1a progenitor was 
short-lived and lost during ontogeny or II) that the B-1a progenitor remains 
in adulthood but is either dormant or produces B-2 cells instead. 

Today we know that both short-lived and definitive progenitors 
contributes to the B-1a subset (28). Conventional B cells are ultimately 
produced by the hematopoietic stem cell (HSC), which first appear around 
day 10 of mouse embryonic development in the aorta, gonad, and 
mesonephros region (29). However, some HSC-independent B cell output 
precedes this time and B-1a potent progenitors are present in both day 8.5 
para-aortic splanchnopleura (30) and day 9.5 yolk sac (31). These findings 
contributed to the idea that B-1a cells were generated from a ‘primitive 
progenitor’ during early-life instead of HSC-dependent lymphopoiesis. In 
line with this, B-1a cells can be isolated from Cbfβ mice that lack definitive 
HSCs (32) and two separate studies have reported on a fetal specific 
progenitor producing the B-1a subset (33, 34). On the other hand, previous 
work from our lab investigated changes in the HSC capacity to produce B-
1a cells. By using cellular barcoding to link mature B cell output to an HSC 
origin, we found that fetal HSCs are initially B-1a potent but later switch into 
producing only the B-2 subset (35). A reconciliatory view acknowledges that 
B-1a cells are produced by both primitive progenitors and as a consequence 
of molecular differences in the hematopoietic stem and progenitor cells 
(HSPCs) across ontogeny (36). We recently investigated their relative 
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contribution by inducing stable expression of a fluorescent protein at specific 
ages and quantify labelled cell frequency among the total B-1a cells in the 
adult (37). This identified that the majority of B-1a cells are generated during 
the first two to three weeks post-birth, before a general switch of the HSPCs 
to an adult type hematopoiesis (38). Additionally, we also identified a 
previously unknown contribution of early-life origin (ELO) B cells to other 
B cell compartments, which we speculate to be functionally distinct during 
healthy immune responses or be the cell of origin in disease such as cancer. 
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Development of B cells 

Ultimately, the goal of B cell development is to output an antibody producing 
mature B cell. The antibody consists of both a Ig heavy chain (IgH) and a 
light chain (IgL), which are encoded by separate loci. To produce an antibody 
secreting B cell, the B cell development revolves around recombining the Ig 
loci from their germline states into functional genes. The heavy chain locus 
is recombined first and once it is completed the IgL is initiated (39, 40). To 
enable Ig recombination, B cell development critically depends on 
expression of the Recombination-activating genes 1 and 2 (RAG1 and 
RAG2, herein collectively referred to as RAG) that recognize recombination 
signal sequences (RSS) flanking genes of the Ig locus to facilitate cutting out 
and recombining these gene segments (41). Each Ig locus consists of several 
gene copies that can be recombined, making it a pseudo-random process with 
a distinct recombination product in each developing B cell. However, many 
of these recombination products result in self-reactive BCRs that could 
develop into autoimmune disease were they to become expressed on a mature 
B cell (42). As such, B cell development is also actively pruned by negative 
selection against self-reactive specificities (43). 

Given the negative selection against self-reactivity during B cell 
development, the existence of natural antibodies in general and the B-1a 
subset in particular are conspicuous exceptions to this central rule of B cell 
development: somehow self-reactive B-1a cells are allowed to develop in 
early-life. However, while adult B cell development has been extensively 
studied, more work is needed to understand how early-life B cell 
development allows the development of self-reactive B-1a cells  
(Paper I-III).  
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Adult B cell development 
The adult B cell progenitors ultimately originate from an HSC that has 
differentiated through progenitor stages of increasing lineage restriction (44). 
Commitment to the B cell lineage happens at the Pro-B stage and the 
expression of the transcription factor Pax5 (45). Stepwise recombination of 
the B cell progenitor Ig loci then takes place at different stages of 
development. An overview of the different stages of bone marrow B cell 
development and Ig expression is outlined in Figure 2.  
 

Recombination of the Ig heavy chain locus is completed at the Pro-B cell 
stage, whereas the light chain locus is kept in germline conformation. This 
depends on IL-7 signalling from the nearby stroma, which opens up the 
heavy chain locus accessibility (46) while maintaining the light chain locus 
in its germline conformation (47). Each heavy chain consists of a variable 
and constant region, where recombination of the variable region produces a 
functional exon upstream of the constant region exon and together they make 
a functional heavy chain gene. The recombined variable gene segment 
consists of a single variable (VH), diverse (DH), and joining (JH) gene. This 
V(D)J recombination achieves a wide diversity of antigen specificities by 
pseudo-random recombination of slightly different VH, DH, and JH gene 
copies that are spread throughout the heavy chain locus (48). The heavy chain 
is further diversified by random N-nucleotides additions to the junctures of 
the recombined locus, which is facilitated by the Terminal deoxynucleotidyl 
transferase (TDT) enzyme (49). 

Figure 2. Overview of conventional B cell development. Immunoglobulin (Ig) heavy chain recombination 
finishes at the Pro-B cell stage, leading to expression of the pre-BCR and transition to the large Pre-B 
stage. Successful pairing of the IgH to the surrogate light chain leads to pre-BCR signaling that induces 
proliferation and licenses further development. At the subsequent small Pre-B cell stage, the heavy chain is 
internalized and the light chain locus recombined. Successful recombination and pairing of a heavy and light 
chain results in BCR expression. At the resulting Imm-B cell stage, the BCR is tested for self-reactivity that 
will result in receptor editing or clonal deletion. A low level of antigen-independent (tonic) BCR signaling 
induces developmental progression and the Imm-B cell transitions to the spleen for final maturation. This 
results in the output of a mature, antigen naïve B cell that turns over after a few weeks in the periphery if it 
doesn’t encounter its antigen. 
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Successful V(D)J recombination and expression of the heavy chain marks 
the next developmental stage and the cell is now referred to as a ‘Pre-B’. As 
the light chain hasn’t been recombined yet, the functionality of the 
recombined heavy chain is instead tested by pairing it to the surrogate light 
chain (SLC) that consists of two germline encoded proteins, VpreB and λ5 
(50, 51). These two proteins have considerable sequence homology to the 
light chain (52, 53) and together with the heavy chain they make up the ‘pre-
BCR’ that, with the help of the necessary co-receptors, signal in a similar 
way to a mature BCR upon antigen recognition (54). As a consequence of 
pre-BCR signalling, recombination of the heavy chain stops (55, 56) and, in 
combination with IL-7 signalling, the Pre-B cell proliferates (57-59). In 
effect, this expands a B cell progenitor that has successfully recombined and 
expressed a functional heavy chain protein. 

The proliferation ends up spending the cellular biomass and the cell goes 
from being a proliferative large Pre-B cell to a quiescent small Pre-B cell. At 
this progenitor stage, the heavy chain gets internalized and pre-BCR 
signalling stops. At the same time, the cell moves away from IL-7 producing 
stroma and downregulates its expression of the IL-7 receptor (60). 
Collectively, this relieves both the suppression of RAG protein and opens up 
the light chain locus for recombination. As for the heavy chain, the Ig light 
chain consists of a constant and a variable segment where pseudo-random 
recombination of different VL and JL gene copies produces a variable region 
that further diversifies the antigen specificity. The recombined IgL gets 
paired with the IgH and the cell now express a mature BCR. The cell is now 
referred to as an immature B cell (‘Imm-B’) and can be identified by surface 
expression of its BCR in the form of a membrane bound IgM. As for pre-
BCR signalling, BCR signalling once again turns off RAG protein expression 
and light chain recombination (61, 62). 

The reactivity of the BCR is now tested at what is referred to as ‘the central 
tolerance checkpoint’ that gauges the BCR signalling strength to censor 
further development of self-reactive clones (63). This is an important 
checkpoint, with up to 50% of all the newly recombined BCRs being poly-
reactive and achieving an unacceptably high BCR signalling that block their 
continued development (42). Instead, a new round of light chain 
recombination is initiated in a process referred to as ‘receptor editing’ (64, 
65). The light chain is encoded by two separate loci that are referred to as 
kappa (κ) and lambda (λ), which allows for several attempts of light chain 
recombination. First the kappa locus is recombined then the lambda (66). 
Several receptor editing attempts are attempted or, given continued failure in 
generating a tolerable BCR, the clone will eventually undergo ‘clonal 
deletion’ (67-70). The high frequency of self-reactive clones underscores the 
importance of this checkpoint to avoid development of self-reactive BCRs 
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that could result in rampant immune responses against ubiquitous self-
antigen, such as reactivity against DNA (71). Indeed, central tolerance is 
defect in the autoimmune diseases Systemic lupus erythematosus (72) and 
Rheumatoid arthritis (73).  

A certain degree of antigen-independent BCR signalling (so called ‘tonic 
signalling’) indicates that the mature BCR is functional yet not self-reactive 
and allows for developmental progression (74). This induces Imm-B cell 
transition from the bone marrow and into the spleen for final maturation. The 
progenitor is now referred to as a ‘transitional B cell progenitor’ and express 
both surface IgM and IgD to achieve the necessary BCR signalling to finalize 
the development (75). Self-reactive clones that escaped central tolerance can 
also be tolerized at this stage by becoming anergic (76). The cell is now 
mature and referred to as an antigen naïve B cell. B cell development 
throughout life produces a stream of naïve B cells that will continuously turn 
over unless they get stimulated by their cognate antigen. 

Distinctions of early-life B cell development 
In contrast to B-2 restricted development during adult life, early-life B 
development also efficiently produce B-1a cells. While the mechanism is still 
not known, there are distinctions of early-life B cell progenitors that could 
be linked to B-1a development (summarized in Table 1). Definitively saying 
that these age-dependent differences are hallmark features specifically for B-
1a development has been hampered by the fact that B-2 cells are also 
produced in early-life and we have no way of separating a B-1a progenitor 
from a B-2 progenitor. However, this resolution is now improving with the 
identification of a rare B-1 progenitor in the adult bone marrow (77) and a 
B-1a progenitor in the spleen (78). Still, identifying a definitive B-1a cell 
progenitor in the bone marrow would be a significant step towards 
identifying the molecular underpinning of B-1a development (Paper I). 
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Table 1 Selected differences between adult and early-life B progenitors that might be connected to  
B-1a development 
 

Progenitor Feature Adult Early-life References 

Pro-B IL-7 signaling Dependent Less 
dependent 

(38, 79, 80) 

Pro-B TDT expression Present Absent (81, 82) 

Pro-B Light chain recombination Germline Premature 
recombination 

(83) 

Large Pre-B Development of B-1a 
enriched heavy chains 
with a poor SLC pairing 

Inefficient  Efficient  (84-86) 

Large Pre-B pre-BCR signalling Induces 
development 

Blocks 
development 

(84, 87) 

Splenic 
transitional 
progenitor 

Capacity of producing  
B-1a cells 

Absent CD5 positive 
subset 
produces B-1a 
cells 

(78) 

Clues on B-1a development in early-life 
The mature B-1a cells are enriched for certain IgH chains (88-90) that are 
critical for their reactivity against self-antigen. Studies using transgenic mice 
that express such ‘B-1a enriched’ heavy chains (84, 85, 91-93) or BCRs with 
artificial self-reactivity (94-96) have clearly demonstrated that self-reactive 
B cell development is permitted in early life but blocked in adults. Since 
heavy chain gene expression in Pro-B cells follows the expression in 
germline (97, 98), it argues B-1a enrichment of specific heavy chain genes is 
not due to changes in Ig locus accessibility but rather the result of B cell 
development. 

An interesting distinction of the B-1a enriched VH11 (84), VH81X (85), 
and VH12 (86) is their poor pairing to the SLC. Such an inefficient pairing 
could be important for development of self-reactive BCRs given that SLC-
knockout mice have an increased frequency of self-reactive B cells (99). 
However, given that the pre-BCR induces developmental progression in 
adults, it is not clear how early-life development overcomes the lack of a pre-
BCR signal. One possible explanation has been provided by the Skok 
laboratory, who linked premature light chain recombination in fetal liver Pro-
B cells to B-1a development (83). Such premature recombination produces a 
mature BCR already in the Pro-B cell and circumvents the need of the SLC 
and pre-BCR checkpoint. An opposing explanation instead suggests that pre-
BCR signalling is actually negative for early life B cell development, rather 
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than positive as in the adult (84, 87). This surprising finding, reported by two 
separate groups, found that strong signalling from a transgenic BCR blocked 
development at the pre-BCR checkpoint in early life whereas it licensed 
development in adults. According to this model, the poor SLC pairing of B-
1a enriched heavy chains would instead be beneficial by not inducing a pre-
BCR signal at all.  

Following the pre-BCR checkpoint, the self-reactive BCR must now 
overcome the central tolerance checkpoint at the Imm-B cell stage. Indeed, 
development of self-reactive Imm-B cells is only allowed in early-life and is 
negatively selected in the adult (92-94). The Imm-B cell negative selection 
depends on self-antigen recognition to induce BCR signalling, as was 
elegantly proven by the Hardy and Hayakawa lab (95). Their study used Ig 
transgenic mice reactive to the ubiquitous Thy-1 antigen, a specificity that 
normally is enriched in the B-1a subset (18). Enrichment of Thy-1 positive 
B-1a cells in the PerC was in line with an intact early-life B cell development. 
In contrast, adult B cell development was blocked but could be rescued by 
abrogating the BCR signalling if the mouse was crossed onto a Thy-1 antigen 
knockout background. Interestingly, this B cell development resulted in FoB 
cells rather than B-1a. While this seems puzzling given the normal B-1a 
enrichment of this specificity, it is in line with BCR signalling levels 
dictating lineage commitment (100). Especially studies from the Rajewsky 
lab have convincingly proven that BCR signalling dictates B cell lineage 
choice, where a weak BCR signal yields B-2 cells and strong BCR signal B-
1a cells (101). As in the study on Thy-1 knockout mice, the lineage 
commitment only depends on BCR signal strength and not what the actual 
antigen is. This was shown by mimicking a strong BCR signal in heavy chain 
knockout mice, by crossing IgH knockout mice with a constitutively active 
Lmp2a. LMP2A activates the same signalling pathway as an activated BCR 
and thereby achieved BCR signalling in the absence of an actual BCR. A 
strong BCR signal yielded B-1a cells (101). Finally, they also showed that a 
mature B-2 cell can be forced to become a phenotypic B-1a cell by switching 
out its own BCR for that of a B-1a (102). Collectively, these findings prove 
that the B-1a identity is essentially linked to the levels of BCR signalling. 
Indeed, BCR signalling is directly linked to CD5 levels on B cells from both 
human (103) and mouse (104), where it regulates BCR signalling strength 
(105). 

These findings have spurred a debate whether B-1a cells are ‘born’ of a 
separate lineage from the B-2 or ‘made’ from high BCR signalling clones of 
a common lineage (106). This issue is still not resolved but regardless of 
which is true the fact remains that the self-reactive BCRs capable of 
becoming a B-1a only develop in early-life. 
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Metabolism during B cell development: a potential role for  
B-1a development? 
The B-1a cell is distinctly more metabolic active compared to the B-2 cell, 
including an increased glucose uptake and metabolism (107). This difference 
is, at least in part, a consequence of active BCR signalling by the self-reactive 
B-1a, since BCR signalling regulates B cell metabolism during a normal 
antigen response and becomes elevated in autoimmune disease (108). Since 
the BCR gets expressed already at the Imm-B cell stage, it is reasonable to 
believe that glucose metabolism increases already at this stage of B-1a 
development. In line with this, it was recently suggested that limiting glucose 
metabolism during adult B cell development results in too low ATP levels to 
support a self-reactive BCR, thereby constituting a natural barrier against 
autoimmune disease and oncogenic transformation (109, 110). However, 
whether glucose metabolism is naturally elevated during B-1a 
development in early-life needs to be investigated (Paper III) (Figure 3). 

 

Figure 3. Working hypothesis on increased glucose metabolism during B-1a development. Illustration 
of the shifting levels of glucose metabolism during B cell development and a hypothesized difference in its 
absolute level between B-2 development (blue) and B-1a development (red). Glucose metabolism peaks 
around the pre-BCR checkpoint at the large Pre-B cell stage and is relatively low in the subsequent small 
Pre-B and Imm-B cell stages. An increased glucose metabolism would yield more ATP to support the 
energy demands of self-reactive clones. 

Knowledge on the regulation of B cell progenitor metabolism is limited 
(111). The progenitors go from being relatively large and proliferative (the 
Pro-B and large Pre-B stages) to becoming small and quiescent (the small 
Pre-B and Imm-B stages), which is matched by changes in their overall 
metabolism. Glycolysis peaks around the pre-BCR checkpoint to support the 
proliferative burst in response to pre-BCR signalling, akin to antigen 
activation of a mature B cell (112-114). High level of glucose metabolism at 
this stage is important and development becomes blocked upon treatment 
with the glucose inhibitor 2-DOG (115). Molecularly, regulation of B cell 
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progenitor metabolism depends on PI3K signalling to control the activity of 
both Mechanistic target of Rapamycin complex 1 (mTORC1) and c-MYC 
(116, 117). In turn, PI3K signalling depends on IL-7 signalling at the Pro-B 
and large Pre-B stages (118) and BCR signalling from the pre-BCR on large 
Pre-B cells (119) or mature BCR on Imm-B cells (120). Additionally, the 
second mTOR containing complex (mTORC2) is also activated by PI3K 
signalling and regulates metabolism during B cell development by activating 
c-MYC and mTORC1 (121, 122).  

Although maintaining active mTORC1 and c-MYC signalling is critical 
for B cell development, there is also an upper limit to how much is tolerated 
and strong mTORC1 activation results in a block at the pre-BCR checkpoint 
(119). This is due to an upper threshold on how much mTORC1 activation 
the progenitor can handle, which is set by the antagonistic AMPK. Similarly, 
the same block at the pre-BCR checkpoint can be activated by deleting Pten 
to increased PI3K signalling (123). 

Age-dependent differences with a connection to B-1a cells  
Ultimately, underlying molecular differences that distinguish a B-1a 
progenitor from a B-2 progenitor must explain how self-reactive cells are 
allowed to develop. There are many known mouse models with gene 
modifications that specifically affect B-1a cells. Given its importance, it is 
not surprising that a plethora of mouse models that positively or negatively 
regulate BCR signalling has increased or decreased number of B-1a cells, 
respectively (124). However, given how mature B-1a cells undergo BCR 
dependent clonal expansion (125) and most mouse models represent 
constitutive alterations to their BCR signalling, they lack the resolution to 
say if development was affected in addition to mature cell expansion. Still, a 
knockout mouse model for the transcription factor Bhlhe41 connects B-1a 
development and BCR signalling, since it lacks both mature B-1a cells and 
their CD5 positive splenic progenitor (126). 

An important distinction that shapes the BCR repertoire in early-life is the 
inactivity of Dntt that encodes the TDT enzyme, which adds non-templated 
nucleotides to the heavy chain to diversify the BCR repertoire (81, 82). As 
such, the BCR repertoire within the B-1a subset lacks N-nucleotide additions 
in contrast to the B-2 cells. Its lack is important for B-1a cell function, with 
enforced TDT expression altering BCR specificities and negatively affecting 
the B-1a mediated response to Streptococcus pneumoniae (127). In addition, 
a lack of N-nucleotides additions to the heavy chain also affects development 
by favoring homologous recombination of certain gene segments and skews 
the VDJ recombination during early-life (128). Indeed, a similar mechanism 
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also plays a role for the invariant T cell receptor (TCR) repertoire during 
early life (129). However, Dntt deficiency is not in itself enough to drive B-
1a development (82, 130). 

There are also studies implicating certain B cell lineage factors in B-1a 
development. More B-1a (and MzB) cells were produced in a mouse model 
with Ebf1 overexpression, which is an essential factor for B cell development 
(131). As mature B-1a cells from Ebf1 knockout mice had lower BCR 
signalling, it is not clear if the effect was on mature cells or development. 
Additionally, knockout of another B cell lineage factor Pu1 favors 
development of B-1 cells (132). Such independence from Pu1 has also been 
reported for a rare B-1 progenitor in adult bone marrow (133). 

But arguably the strongest factor known to affect B-1a development is the 
RNA-binding protein LIN28B (134). It was first identified in a screen for 
determinants of early-life HSPCs and, remarkably, re-introduces B-1a 
development upon ectopic expression in the adult. As such, understanding 
the Lin28b program holds key insights for understanding B-1a 
development (Paper I-III). 
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Lin28b regulation  
of B cell development 

LIN28B is an RNA-binding protein (RBP) that post-transcriptionally 
regulates specific mRNA and non-coding RNA that express its cognate 
RNA-recognition motif. The mammalian genome harbors two paralogs 
(Lin28a and Lin28b, herein collectively referred to as Lin28) that are 
functionally redundant by sharing the same cold-shock domains and CCHC 
zinc finger motifs (135). Since LIN28B also express a nucleolar localization 
signal (NLS), its subcellular localization can be shifted and affect what RNA 
targets are available. 

Lin28a was first discovered outside of mammals, in a study that screened 
the worm Caenorhabditis elegans for genes affecting its developmental 
timing. Loss of Lin28a led to premature development and stage-specific 
events being skipped (136). A similar role was later identified in mammals, 
with high levels of expression at the initiation of embryonic development that 
goes down during ontogeny (137, 138). Conversely, enforced expression 
when Lin28 is normally downregulated impedes maturation and the 
acquisition of an adult phenotype (139). Remarkably, in addition with a 
defined set of transcription factors, Lin28 is even capable of reverting back a 
terminally differentiated cell into an ‘embryonic like stem cell state’, also 
known as an induced pluripotent stem cell (iPSC) (140). Such inappropriate 
expression of LIN28 can be detrimental, with it being sufficient to induce 
various cancers in mice (141-145) and it is frequently identified in cancer 
patients (146, 147). Thus, LIN28 are powerful oncofetal proteins that have 
been evolutionarily conserved to regulate early-life development. 



31 

Lin28b is a master-regulator of early-life 
hematopoiesis 
Endogenous Lin28b expression during human and mouse early-life 
hematopoiesis was first identified in a search for molecular determinants of 
fetal HSPCs relative to their adult counterparts (134). The early-life is a time 
of distinctly different hematopoiesis compared to the adult, including an 
expansion of the HSCs, increased erythroid output, and an output of 
functionally distinct T and B cells by their respective progenitors. 
Remarkably, ectopic LIN28 in adult HSPCs re-initiate many aspects of early-
life hematopoiesis including an output of B-1a and γδ T cells (134), HSC 
self-renewal (148), platelet development and function (149, 150), 
development of regulatory T cells (151), an output of functionally distinct 
CD8 positive T cells (152), development of the innate-like natural killer T 
cells (153), and increased erythropoiesis (154-156). As such, endogenous 
Lin28b expression during early life is a master regulator of its unique 
hematopoiesis. While studies have focused on the mouse and the information 
on the LIN28 effect in human is more sparse, human fetus HSPCs, but not 
adult, also express Lin28b (134) where it is required for γδ T cell 
development in the fetal thymus (157). 

Multi-faceted RNA regulation by LIN28 
The post-transcriptional regulation by LIN28 affect translation of mRNA 
into protein primarily through two separate mechanisms: by reducing the 
level of let-7 microRNA (miRNA) family and direct binding of mRNA to 
influence translation (outlined in Figure 4).  

miRNA is a class of short (~21 nucleotides) RNA that negatively regulate 
translation through sequence complementarity between its ‘seed sequence’ 
and the target mRNA (158). The mammalian genome contains twelve let-7 
family members that are functionally redundant by sharing a common seed 
sequence and, thus, mRNA targets (159). Like all miRNA, let-7 biogenesis 
begins with its transcription in the nucleus to generate the intermediary pri-
let-7 miRNA. The pri-let-7 forms a hairpin structure by folding back on itself 
which allows binding and further processing by the microprocessor (160), 
resulting in pre-let-7 miRNA that is exported to cytoplasm for final 
maturation and regulation of target mRNA (161). LIN28 recognize and bind 
to let-7 precursors in both the nucleus and cytoplasm, which sabotages 
development and lowers the level of mature let-7 (162-169). Conversely, 
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mature let-7 recognize and negatively regulate Lin28 (170), resulting in a 
bistable switch that controls developmental timing (171). 

In addition to sabotaging let-7 maturation, LIN28 also directly bind and 
regulate the translation of thousands of mRNA by shuttling them to 
ribosomes, different components of the translation machinery, or processing 
bodies (156, 172-174). Such a post-transcriptional regulation has been 
reported in several different cell types where translation increased or 
decreased seemingly dependent on the specific mRNA target (156, 175-184). 
Collectively, these studies have identified a common Lin28 program across 
various cell types in regulating central processes to all cells, including the 
cell cycle, glucose metabolism, mRNA splicing, and the ribosome. 

Figure 4 Overview of post-transcriptional regulation by LIN28B. The precursor of the let-7 microRNA can 
be developmentally blocked by LIN28B in both the nucleus and cytoplasm, ultimately resulting in decreased 
level of mature let-7 and increased expression of let-7 target genes. Additionally, LIN28B also binds and 
directly regulates specific mRNA that results in increased or decreased translation. 
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LIN28B-RNA targets during B cell development  
The vast LIN28-RNA interactome complicates identification of the critical 
target(s) for B cell development. As the different B cell progenitor stages are 
marked by transcriptional changes (185), it is possible that LIN28B targets 
also change during development. Furthermore, even when cells share the 
expression of a LIN28 target, its role is not necessarily shared between the 
cells. This is exemplified by LIN28B regulation of HMGA2 expression, 
which controls HSC expansion but on its own cannot induce B-1a 
development (148). Additionally, the preferential RNA targets are also 
affected by post-translational modification of LIN28 in response to ERK 
signalling (186). As such, the complex post-transcriptional regulation by 
LIN28 should be studied in the specific cell type of interest and under as 
close to physiological conditions as possible. 

So far, the LIN28B targets during B cell development remain incompletely 
understood but enforced expression of let-7 miRNA in the early-life B cell 
progenitors negatively impacts the frequency of B-1a cells (187). By 
focusing on the overlapping LIN28B and let-7 dependent changes in the  
Pro-B transcriptome, the study identified that the transcription factor 
ARID3A (also known as BRIGHT) could phenocopy the LIN28B increase 
in B-1a cell number upon ectopic expression in adults. ARID3A might affect 
different stages of development, as it has previously been shown to regulate 
both the IgH locus accessibility in progenitors (188) and downregulate BCR 
signalling in mature B cells (189). Thus, ARID3A seems to be yet another 
link between BCR signalling and the B-1a subset (124). The authors 
proposed that LIN28B increases ARID3A to keep BCR signalling levels in 
self-reactive Imm-B cells to a lower level that avoids activation of the central 
tolerance checkpoint, but more work is necessary. In addition, direct 
LIN28B regulation of mRNA independently of let-7 might also 
contribute to B cell development and needs to be further investigated 
(Paper II). 

Glucose metabolism: a major point of  
regulation for LIN28 
Studies across widely different cell types have repeatedly identified the same 
mechanism in LIN28 favoring increased glucose metabolism and cell growth 
(190). Through glucose metabolism, LIN28 influence such various processes 
as embryonic development (137), tissue repair (191), conversion of stem 
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cells to primed pluripotency (176), and cancer stemness and metastasis (192). 
However, an effect on glucose metabolism during B cell development is 
currently unknown (Paper III). 

The LIN28 effect on glucose metabolism has been well studied through 
the IGF2/Insulin-PI3K-mTOR signalling pathway, where several points of 
regulation exist. LIN28 binds the mRNA to increase translation of Igf2 (173) 
while repression of let-7 results in increased signalling by regulating several 
pathway components, including Igf1r, Insr, Irs2, Akt2, Rictor, and Tsc1 (193-
195). Additionally, a more tenuous finding also linked control over glucose 
metabolism to the let-7 dependent regulation of the long non-coding RNA 
H19 (196). Apart from PI3K signalling, let-7 also regulates the other major 
metabolic signalling pathways that will ultimately result in increased glucose 
metabolism, including RAS (197), c-MYC (198) and mTORC1 (194, 195).  

Glucose is metabolized to generate ATP through oxidative 
phosphorylation and glycolysis, thereby providing the energy which is 
essential to a cell (199). LIN28 facilitates glucose metabolism into ATP by 
increasing the abundance of several enzymes controlling oxidative 
phosphorylation (e.g. NDUFB3 and NDUFB8) (176, 191) and through let-7 
dependent regulation of glycolysis through Pdk1 (200). Repression of let-7 
has also been reported to increase glucose and glutamine metabolism in 
mature B cells during a T cell independent immune response, through 
regulation of Hexokinase 2, glutamine transporter Slc1a5, and Glutaminase 
(201). Alternatively, glucose might be funnelled into other metabolic 
pathways other than those that generate ATP. For example, glucose can be 
funnelled into the pentose phosphate pathway (PPP) to generate NADPH and 
ultimately aid in nucleotide synthesis (199).   
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Thesis aims 

The overarching aim of this thesis work has been to explore how LIN28B 
controls development of self-reactive B-1a cells. To this end, the papers aim 
to: 

 
 Identify whether LIN28B enables positive selection of self-reactive 

Imm-B cells (Paper I). 
 

 Identify novel LIN28B mechanisms during B cell development by 
exploring the direct mRNA interactome in B cell progenitors  
(Paper II). 
 

 Specifically investigate the role of glucose metabolism during B-1a 
development (Paper III), a well-studied LIN28 target outside of B cell 
development. 
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Summaries of included papers 

Paper I 
This thesis work followed up on the remarkable finding that LIN28B as a 
single factor can re-initiate B-1a development from adult HSPCs (134). 
Given the long standing debate whether B-1a cells are generated from 
definitive or primitive B cell progenitors (202), this finding was naturally 
met by critical questions and concerns including whether the LIN28B 
induced B-1a cells were functional equivalent to normal B-1a cells and 
whether LIN28B actually induced development in the adult or just expanded 
mature B-1a cells. Therefore, an important next step was to prove that 
LIN28B induces definitive B-1a development, a task complicated by the fact 
that no surface marker was known to distinguish a bone marrow B-1a 
progenitor from a B-2 progenitor. We reasoned that one such marker could 
be CD5, the defining marker of the mature B-1a cell. Indeed, a recent 
publication at the start of my thesis work had identified a B-1a potent splenic 
progenitor by a combination of surface markers including CD5 (78). As CD5 
levels had been shown to correlate with TCR affinity for self-antigen (203), 
we hypothesized that CD5 expression would also correlate with BCR affinity 
in a similar way and that LIN28B induction of B-1a development would be 
marked by an increase in BCR signalling and CD5 expression. 

We first established that CD5 expression on wildtype B-1a cells correlated 
with their level of self-reactivity. Indeed, by separating the mature B-1 subset 
based on CD5 expression we found a positive correlation between CD5 
expression and antigen-dependent clonal dominance, including enrichment 
of the known B-1a specificity against the self-antigen phosphatidylcholine 
(PtC). We therefore used CD5 expression as a surrogate marker for self-
reactivity during B cell development. This identified CD5 expression on a 
subset of neonatal Imm-B cells, including all the ones reactive to PtC. 
Conversely, only background levels of CD5 expression was detected on adult 
Imm-B cells. Furthermore, by analyzing neonatal mice with different levels 
of endogenous Lin28b, we also found that the frequency of the CD5 positive 
subset followed the expression level of Lin28b. Conversely, ectopic re-
expression of LIN28B in adulthood induced a CD5 positive Imm-B subset. 
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By transferring the CD5 positive or negative Imm-B cells from a LIN28B 
induced mouse into separate recipients, we confirmed that the B-1a cells 
were only made from the CD5 positive Imm-B cells. Furthermore, LIN28B 
seemed to increase positive selection of developing B cells, with an increased 
number of unique, mature B cells following LIN28B induced B cell 
development. We then explored the underlying mechanism by RNA-
sequencing analysis of LIN28B induced Imm-B cells, which identified a 
clear upregulation in the CD19/PI3K/c-MYC signalling pathway. Indeed, 
ectopic LIN28B was capable of rescuing B cell development in Cd19 
deficient mice. Finally, we confirmed the validity of studying LIN28B 
induced B-1a cells as they were functionally equivalent to normal B-1a cells. 
Collectively, this paper makes it clear that LIN28B induces B-1a cell 
development through positive selection of an Imm-B cell subset marked by 
active BCR signalling and CD5 expression. 

Paper II 
In addition to establishing its induction of B-1a development, parallel 
investigations in paper II focused on identifying the LIN28B targets in B cell 
progenitors. At the start of the thesis work, only one publication had 
described the LIN28B RNA interactome during B cell development and it 
had focused on let-7 dependent regulation of Arid3a, which on its own 
increases the number of B-1a cells (187). Still, LIN28B can bind to thousands 
of RNA targets and we reasoned that let-7 independent regulation might also 
contribute to LIN28B induced B-1a development. For example, previous 
studies outside of B cell development had focused on LIN28B regulating the 
translation of specific mRNA to bolster energy metabolism and proliferation 
(190). Theoretically, such an increase in cellular fitness during B cell 
development could support the energy demands of a self-reactive BCR. 

To investigate the direct RNA targets of LIN28B during B cell 
development, we expanded primary B cell progenitors ex vivo to have 
sufficient material for deep sequencing of LIN28B-coimmunoprecipitated 
mRNA (RIP-SEQ). This identified the commonly identified LIN28B targets, 
including binding to transcripts encoding ribosomal proteins, regulators of 
oxidative phosphorylation, and regulators of mRNA splicing. We chose to 
focus on LIN28B induced changes in ribosomal content and through this 
identified a LIN28B dependent increase in protein synthesis during the later 
stages of bone marrow B cell development (the small Pre-B and Imm-B 
cells). In particular, it was the CD5 positive Imm-B cell subset that had the 
highest rate of protein synthesis. In contrast, LIN28B do not increase protein 
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synthesis in the upstream Pro-B and large Pre-B cell stages, which rather 
depend on IL-7 signalling to control protein synthesis rates. Titrating down 
IL-7 ex vivo identified a slight increase in protein synthesis upon LIN28B 
induction. Importantly, we then identified how neonatal B cell development 
relies on increased protein synthesis rates and crashes under even a slight 
reduction in its maximum rate, whereas B cell development in the same 
mouse becomes normalized once the mouse reaches 19 days post-birth and 
switch to producing B-2 cells (38). As such, this work identifies increased 
protein synthesis as a novel hallmark of early-life B lymphopoiesis. 

Paper III 
Finally, we have also devoted special attention to the common LIN28B 
mechanism of increasing glucose metabolism (190). This is an important 
point of regulation that impacts embryonic development (137), tissue repair 
(191), conversion of stem cells to primed pluripotency (176), and cancer 
stemness and metastasis (192). An effect on B cell development could also 
be important, as increased glucose metabolism during B-1a cell development 
could elevate ATP levels to support the self-reactive BCR (204). However, 
any age-dependent increase in glucose metabolism downstream of LIN28B 
and its importance during B-1a development was unknown at the beginning 
of this thesis work and needed to be investigated.  

In the preliminary work presented in paper III, we identified a LIN28B 
dependent increase in glucose uptake by all the B cell progenitors that 
followed endogenous Lin28b expression in neonates or ectopic LIN28B in 
adults. In order to investigate its importance, we turned to ex vivo cultured B 
cell progenitors where we could measure the effect on B-1a cell development 
by analyzing the frequency of CD5 positive Imm-B cells after titrating the 
glucose availability in the cell culture media. Interestingly, this identified that 
CD5 positive Imm-B cells dominate the LIN28B induced Imm-B cell pool 
ex vivo, being much more frequent than what is normally seen in vivo. 
However, titration of the available glucose did not affect the frequency of 
CD5 positive Imm-B cells ex vivo. Instead, it did reduce the frequency of 
Pro-B cells in LIN28B induced cultures. It is currently not clear if the ex vivo 
culture faithfully captures a potential glucose dependence in vivo and more 
work is necessary. Additionally, the LIN28B effect on glucose metabolism 
is not clear, given that glucose uptake increased across all stages of 
development but ATP levels only increased at the Imm-B cell stage. 
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General Discussion and Future 
Directions 

Our work establishes CD5 expression and BCR signalling at the Imm-B cell 
stage as a novel hallmark of B-1a cell development in early-life, which is 
reintroduced upon ectopic LIN28B expression (paper I-II). In contrast, CD5 
negative Imm-B cells have none or low BCR signalling and do not develop 
into the B-1a subset. As such, our findings are in line with previous 
publications implicating the level of BCR signalling dictating cell fate (101) 
with LIN28B enabling the development of clones with high enough BCR 
signalling to become a B-1a cell. While previous work focused on the mature 
cells (124), we now show that high BCR signalling is achieved already 
during development of the Imm-B cell. 

This positions neonatal B cell development in the mouse closer to T 
lymphocytes that express CD5 and depend on recognition of self-antigen 
during their development (205). During T cell development, CD5 expression 
fine tunes the levels of TCR signalling for positive selection of self-reactive 
TCRs (206, 207) and, as with neonatal B cell development, CD5 expression 
is higher during the increased output of self-reactive TCRs in early-life (208). 
As such, tapping in on the knowledge on positive selection during T cell 
development might hold novel insights for development of self-reactive 
BCRs in early life. 

While the LIN28B program in B cell progenitors still needs to be resolved 
in full, one key factor has been identified in let-7 dependent regulation of 
ARID3A that on its own phenocopies LIN28B (187, 209). However, the 
underlying mechanism and whether ARID3A on its own increases CD5 
expression and BCR signalling in Imm-B cells needs to be investigated. 
Additionally, another interesting lead to follow up is the transcription factor 
BHLHE41 that regulates B-1a cell development by facilitating the mRNA 
transcription in response to BCR signalling (126) and is upregulated in 
LIN28B induced Imm-B cells (210). Together, these three factors might 
achieve the necessary BCR signalling to enable B-1a development. Their 
interdependence could be interrogated by crossing Lin28b inducible mice 
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onto Arid3a and/or Bhlhe41 null background and measure CD5 levels on the 
Imm-B cells. 

Another important finding to follow up is how high level of BCR 
signalling is tolerated by CD5 positive Imm-B cells, as it normally results in 
negative selection during conventional B cell development (43). As such, 
direct comparison of CD5 positive and negative Imm-B cells will be 
informative not only for B-1a development but will also deepen the 
knowledge on the important but incompletely understood central tolerance 
checkpoint (63). 

Speculations on the (LIN28B) mechanisms in  
neonatal B cell progenitors 
Our analysis of the LIN28B mRNA interactome in Paper II identified an 
enrichment in transcripts encoding ribosomal proteins, components of the 
oxidative phosphorylation pathway, and mRNA splicing. While we chose to 
focus on the ribosome and protein synthesis, the other pathways (and single 
genes that were not captured by the gene ontology analysis) might well 
contribute to B-1a development in so far unknown ways. Additionally, we 
have not proven that the LIN28B binding of certain ribosomal protein coding 
transcripts actually underlies an increased protein synthesis rate. Indeed, 
LIN28B regulates protein synthesis in small Pre-B and Imm-B cells, while 
the RIP-SEQ was done primarily on the Pro-B and large Pre-B cells. It is 
possible that LIN28B increases specific ribosomal proteins to achieve their 
‘extra ribosomal functions’, which will be unique to each individual 
ribosomal protein. One such candidate is Rpl22l1 that was bound by LIN28B 
in ex vivo cultured B cell progenitors and is known to control B- and T-cell 
development without having an effect on global protein synthesis rates (211). 
In addition, an emerging concept is the idea of a ‘specialized ribosome’ 
where a distinct ribosome composition facilitates the preferential translation 
of certain mRNA (212). Perhaps such a specialized ribosome is enforced by 
LIN28B, although this point is highly speculative. 

Why does early-life B cell development rely on a high rate of  
protein synthesis? 
In Paper II we find that the mild reduction in global protein synthesis rates 
of the Rpl24BST/WT mouse model (213) crashes neonatal but not adult B 
lymphopoiesis. The underlying mechanism was not resolved, but it does not 
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seem to be due to increased sensitivity as a consequence of increased 
proliferation in early life, as neonatal or LIN28B induced progenitors were 
not proliferating in a strikingly different way (Paper II and own unpublished 
data). However, we do have an additional observation that allows for 
speculation. 

While measuring the levels of c-MYC expression in neonatal B cell 
progenitors over the weeks following birth, we noticed how increased c-
MYC expression perfectly overlaps with the time of sensitivity to reduced 
protein synthesis rates (own unpublished data). As the c-MYC expression 
naturally wanes and eventually reaches an adult level during the first weeks 
post-birth, so did the sensitivity to protein synthesis. This is in line with a 
previous study that showed how the same Rpl24BST/WT mouse model 
negatively impacts c-MYC driven B cell leukemia, by reducing the protein 
synthesis rate to a low level that interfered with translation of specific mRNA 
(214). The translation of a specific mRNA depends on several factors, 
including the availability of free ribosomes, the transcript propensity for 
associating with the ribosome (and other important co-factors), and the 
efficiency by which a specific mRNA is then translated into a protein (215). 
As such, the increased sensitivity of neonatal B cell progenitors to reduced 
protein synthesis rates could be a result of their increased c-MYC activity, 
which increases the overall mRNA levels and, thus, competition for available 
ribosomes. Given such a model, reducing protein synthesis in neonates will 
be detrimental when competition for ribosomes is relatively high, whereas 
the lower competition for ribosomes in adult B cell progenitors is still 
manageable. In line with such a mechanism, the erythroid lineage crashes 
under reduce protein synthesis as a result of failed translation of a specific 
subset of critical genes (216). 

Does LIN28B regulation of glucose metabolism matter, for B-1a 
development and beyond? 
From our work in Paper III, it is still not clear if the LIN28B increase in 
glucose metabolism holds any importance for B-1a development and the 
CD5 positive Imm-B cells, given that titrating down the glucose levels in the 
cell culture media did not decrease the frequency of CD5 positive Imm-B 
cells ex vivo (Paper III). However, it is possible that this experimental 
approach lacks the resolution to identify the true impact on the CD5 positive 
Imm-B cells, given that the ex vivo culture is not well-suited to study an effect 
on this developmental stage and that even a titrated glucose availability might 
still saturate the glucose uptake of the Imm-B cell. Instead, it is still possible 
that the increased glucose uptake in vivo might result in the increased ATP 
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levels we identified in LIN28B induced Imm-B cells, perhaps to support 
increased levels of BCR signalling. More work is necessary, for example by 
titrating down glucose from a more physiological level or investigation of 
glucose metabolism in B cell progenitors in vivo. 

In addition, our finding that LIN28B increases glucose uptake into the B 
cell progenitor might hold importance outside of B-1a development. For 
example, the risk of developing Acute lymphoblastic leukemia (ALL) is 
increased during early-life (217) and B-ALL depends on an increased 
glucose metabolism (218). Additionally, LIN28B increased glucose 
metabolism might affect mature neonatal B cells in addition to the 
progenitors, as was previously shown to be the case for neonatal T cells 
(219).  

Could LIN28B mediate positive selection through an indirect 
effect on non-let-7 miRNA? 
In addition to gene regulation through let-7 and direct mRNA binding, an 
interesting mechanism by which LIN28B might enable positive selection of 
self-reactive BCRs could be through an indirect effect on other miRNA. 

miRNA are post-transcriptional regulators that repress specific mRNA 
targets through sequence complementarity to their specific ‘seed sequence’. 
To repress their target mRNA, miRNA must first be loaded into the DICER 
complex. As this complex is expressed at a limiting rate, competition 
between different miRNA for binding the DICER complex also indirectly 
regulates the activity of other miRNA. As such, when LIN28B reduces the 
expression levels of let-7 it also removes a part of the competition and 
indirectly increase the activity of other miRNA (220). 

Such an effect might be important for positive selection of self-reactive 
Imm-B cells, for example through increased activity of miR-148 (221) and 
miR-17~92 (222) that both regulate PI3K signalling and positive selection. 
Indeed, while LIN28B overexpression in Imm-B cells leads to increased 
expression of let-7 targets, there is also a clear decreased expression of many 
other miRNA targets, including miR-148 (Figure 5). 



43 

Figure 5. Gene set enrichment analysis (GSEA) for miRNA targets in Imm-B cells (data from Paper I). 
Normalized enrichment score (NES) is calculated as LIN28B over control Imm-B cells (i.e. a positive value 
means that the gene set is increased in LIN28B induced Imm-B cells and vice versa). Adjusted P-value of 
0.05 is indicated by the dashed line. The let-7 and miR148 gene sets are annotated. miR17~92 was not 
available in the used gene set collection.  

Does LIN28B affect the Pro-B or  
large Pre-B stages of development? 
One interesting observation from our work in Paper I & II was how the 
LIN28B effect was primarily observed in the small CD5 positive subset that 
upregulated BCR signalling and metabolism. Still, the majority of Imm-B 
cells remain CD5 negative, do not achieve high signalling through their BCR, 
and remain metabolically quiescent, even when inducible LIN28B is 
abundantly expressed by both CD5 positive and CD5 negative cells. Thus, 
LIN28B cannot make just any Imm-B cell become CD5 positive. Instead, 
LIN28B may enable the CD5 subset by I) having a direct effect on some 
Imm-B cells and/or II) enabling CD5 output by affecting the preceding 
development. To identify the timing of the LIN28B effect, we measured the 
B-1a cell output after ‘turning on’ or ‘turning off’ LIN28B induction at 
distinct stages of development, by transferring progenitors between 
doxycycline fed and non-doxycycline fed mice (Paper I). By transferring 
uninduced Imm-B cells from a non-doxycycline fed tet-Lin28b mouse to a 
doxycycline fed recipient, we found that inducing LIN28B at the Imm-B cell 
stage did not yield B-1a cells. Transferring Pro-B cells from a doxycycline 
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fed tet-Lin28b mouse to a non-doxycycline fed recipient found that turning 
off LIN28B at the Pro-B cell stage failed to generate B-1a cells. This is 
indicating that LIN28B has a necessary effect at the Pro-B cell stage or the 
subsequent pre-BCR checkpoint for B-1a development. 

Does LIN28B enable pre-BCR independent development? 
Given how the pre-BCR checkpoint plays a role in censoring self-reactive B 
cell development (99), it is possible that LIN28B circumvents the pre-BCR 
checkpoint to output self-reactive, CD5 positive Imm-B cells. In line with 
this, the γδ T cell subset can develop without the pre-TCR (223) and their 
development further depends on LIN28B (134). A LIN28B effect on the pre-
BCR checkpoint is currently not known and subject to ongoing research in 
the Yuan lab. 

More than one possible mechanism might explain how LIN28B would 
allow pre-BCR independent B cell development, and they need not be 
mutually exclusive. LIN28B might enable premature light chain 
recombination in Pro-B cells to circumvent the pre-BCR checkpoint, as has 
been described during fetal liver B-1a development (83). In line with this, 
LIN28B enables a degree of IL-7 independent B cell development (134) that 
could allow premature light chain recombination (47, 224). Additionally, 
LIN28B might circumvent the pre-BCR checkpoint by enabling 
development of pre-BCR independent heavy chains (84-86), perhaps by 
supplying the same signal that is necessary for development. This notion is 
consistent with LIN28B rescuing the deficient BCR signalling in Cd19 
knockout mice, through its direct increase in PI3K signalling activity (Paper 
I). Additionally, perhaps ARID3A also plays a role in this since its 
overexpression on a VH11 transgenic background (i.e. a poor SLC pairing 
heavy chain) increased the frequency of Imm-B cells, although it is not clear 
whether this was due to an effect on the pre-BCR checkpoint (209). 

Identifying a separation between B-1a and B-2 development 
before CD5 expression at the Imm-B cell stage  
Investigation into whether LIN28B affects development before the Imm-B 
cell stage is complicated by the lack of any surface marker (including CD5) 
to separate out a B-1a progenitor from a B-2 progenitor. As a result, 
prospective analysis of Pro-B and Pre-B cells using bulk analysis suffers 
from poor resolution since the B-1a progenitors are diluted out by B-2 
progenitors. Single cell analysis is becoming more available and will 
ultimately overcome this issue and allow for prospective analysis. For 
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example, combined RNA- and VDJ-sequencing analysis could provide 
information on BCR signalling levels in tet-Lin28b and neonatal Pre-B cells. 
Another prospective single-cell approach could investigate the level of light 
chain locus accessibility (i.e. premature light chain recombination) in tet-
Lin28b and neonatal Pro-B cells. 

In the meanwhile, an additional approach could take advantage of the fact 
that CD5 positive Imm-B cells become increasingly enriched over the days 
when LIN28B inducible progenitors are cultured ex vivo (Paper III). As such, 
repeated sampling of the same culture over the days could help identify any 
increasing effect that correlates with frequency of CD5 positive Imm-B cells 
(e.g. light chain recombination in Pro-B cells). 

LIN28B induced B-1a cells: ‘made or born’? 
Finally, LIN28B induction of B-1a cell development in adult mice also 
provides some new insights for the old discussion whether a B-1a cell is 
‘born’ from a separate lineage or ‘made’ from a B-2 cell with high BCR 
signalling (106). While B-2 cells can indeed be coaxed into becoming a B-
1a in a BCR-dependent manner (102), it is not known whether LIN28B 
induction in adults re-activates a B-1a potent progenitor or enable high BCR 
signalling during B-2 development. 

Mature LIN28B induced B-1a cells are polyclonal instead of enriched for 
the usual B-1a repertoire that develops in early life (187), in line with 
LIN28B enabling positive selection of any self-reactive BCR. Indeed, 
LIN28B also enables development in adult Ig-HEL mice that are forced to 
express a specific self-reactive BCR during development (210). Still, by 
using barcode labelling of progenitors to track their progeny, previous work 
from our lab found that LIN28B induced B-1a output originates from a subset 
of all the progenitors (35). This hints at a hidden layer of complexity where 
not all B cell progenitors are the same and perhaps ectopic LIN28B only 
allows B-1a development from a subset of progenitors, hypothetically the 
same subset that originally produced B-1a cells in early-life. 

To explore this interesting possibility, one could yet again take advantage 
of the fact that CD5 positive Imm-B cells become increasingly enriched 
when LIN28B inducible progenitors are cultured ex vivo (Paper III). By 
barcode labelling single Pro-B cells before ex vivo expansion, the barcode 
heterogeneity among the Pro-B cell pool can be compared to the barcode 
representation among CD5 positive Imm-B cells. For example, following 
five days in culture of barcode labelled Pro-B cells the CD5 positive Imm-B 
cells will dominate over CD5 negative Imm-B cells. If the barcode 
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Figure 6. Experiment idea for investigating B-1a enrichment ex vivo. Barcode experiment to investigate 
whether high levels of CD5 positive Imm-B cells ex vivo is due to enrichment of a B-1a biased Pro-B cell 
(scenario 1), B-1a biased development (scenario 2), or without any such bias (scenario 3). 

representation among the Pro-B cells is restricted to a few clones, it would 
imply that the high frequency of CD5 positive Imm-B cells ex vivo originate 
from the enrichment of a B-1a biased Pro-B cell. If instead the Pro-B cell 
enrichment is polyclonal (i.e. diverse barcode representation), it can be cross 
compared to the barcode representation among CD5 positive Imm-B cells to 
see if only a few B-1a biased Pro-B cells yielded all of the CD5 positive 
Imm-B cells (Figure 6). 
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Populärvetenskaplig 
sammanfattning 

Varenda vuxen person som genomlevde COVID-19-pandemin känner nog 
till ordet ’antikropp’: den ’osynliga barriären’ mot viruset som mättes och 
diskuterades i tid och otid. Men vad är egentligen en antikropp? En antikropp 
är en mikroskopisk molekyl som utsöndras av en B-cell (en typ av 
immuncell) när cellen känner igen ett specifikt ’antigen’, alltså en struktur på 
t.ex. COVID-19 viruset. För att upptäcka ifall kroppen har blivit infekterad 
så uttrycker varje B-cell sin antikropp utanpå cellens yta. Till exempel vid en 
COVID-19 infektion, när viruset finns i närheten och känns igen av en B-cell 
så binds det in av B-cellen och resulterar i en massiv utsöndring av dess 
antikropp. I kroppen finns miljontals av olika B-celler som uttrycker olika 
antikroppar mot olika antigen som uttrycks på virus, bakterier, osv. 
Tillsammans utgör alla dessa specificiteter mot olika antigen den ’osynliga 
barriären’ som skyddar oss mot infektioner. 

Hur kan kroppen producera miljontals av olika antikroppar? Vilken 
antikropp en B-cell uttrycker bestäms först under dess utveckling till att bli 
en mogen B-cell. Det är en komplex genetisk process som resulterar i att en 
unik antikropp uttrycks av varje B cell, ifall allting går som det ska. Men 
ibland går det fel och då kan farliga B-celler som reagerar på kroppens egna 
antigen utvecklas, t.ex. hos personer med autoimmuna sjukdomar. Därför 
regleras B-cellsutvecklingen mycket noggrant för att motverka sådana 
’självreaktiva’ B-celler. Men B-cellsutveckling ter sig lite annorlunda under 
olika stadier i livet och trots risken att utveckla autoimmunsjukdom så tillåts 
faktiskt självreaktiva B-celler att utvecklas under det tidiga levnadsstadiet. 
Hur genetisk reglering tillåter utvecklingen av självreaktiva B-celler i 
nyfödda möss är utgångspunkten för denna avhandling. 

För att studera genetisk reglering av B-cellsutvecklingen hos nyfödda så 
använder vi oss av möss där vi kan påtvinga B-cellerna att uttrycka proteinet 
LIN28B. Vi har tidigare bevisat att LIN28B kontrollerar B-cellsutvecklingen 
tidigt i livet, men inte till fullo förstått hur det fungerar. Genom att studera B-
cellsutvecklingen med LIN28B har vi nu kunnat påvisa att det här proteinet 
möjliggör utvecklingen av B-celler som kan reagera på kroppens egna antigen 
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(Artikel 1). Molekylärt så möjliggör LIN28B det genom att reglera uttrycket 
av olika gener. Vi har kartlagt vilka gener som binds av LIN28B och genom 
detta identifierat att LIN28B reglerar cellens syntes av protein. Protein är 
viktiga molekyler som utför olika funktioner i cellen och bildas kontinuerligt 
av en cell. Vi har nu visat att protein bildas snabbare under nyföddas B-
cellsutveckling än vad det gör under vuxnas. Ökningen är viktig och om vi 
delvis begränsar hur mycket protein som kan bildas så kraschar nyföddas B-
cellsutveckling men den fungerar som normalt i vuxna möss (Artikel 2). 
Slutligen så har vi också studerat hur LIN28B påverkar metabolismen av 
glukos under B-cellsutvecklingen. Glukos är en sockerart som bryts ned av 
cellen för att frigöra energi och för att bli omvandlad till andra typer av 
molekyler som cellen behöver. Vi hypotiserade att glukos-metabolismen 
skulle vara förhöjd under B-cellsutvecklingen hos nyfödda för att tillgodose 
den extra energi som de självreaktiva B-cellerna kommer behöva. Vi kunde 
visa att B-cellsutvecklingen hos nyfödda tog upp mer glukos men det är 
fortfarande oklart ifall detta resulterar i mer energi (Artikel 3). 

Genom våra insikter har vi bidragit med bättre förståelse för hur B-
cellsutvecklingen fungerar. Genom att studera normal B-cellsutveckling 
kommer vi bättre kunna förstå vad som går fel när en person drabbas av t.ex. 
en autoimmunsjukdom eller cancer i dessa celler. Dessutom tror vi att vissa 
av de B-celler som utvecklades när vi var barn finns kvar hos oss som vuxna 
där de spelar en specifik roll för vårat immunförsvar genom att uttrycka unika 
antikroppar. Sammantaget hoppas vi att vårat arbete i förlängningen kommer 
bidra med en bättre förståelse om hur B-celler utvecklas, hur nyföddas B-
celler bidrar till immunförsvaret, och vad som går fel vid t.ex. uppkomsten 
av cancer.  
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Lin28b controls a neonatal to adult switch 
in B cell positive selection
Stijn Vanhee1, Hugo Åkerstrand1, Trine Ahn Kristiansen1, Sebak Datta1, Giorgia Montano1, 
Stefano Vergani1, Stefan Lang2, Jonas Ungerbäck3, Alexander Doyle1, Karin Olsson1, 
Giulia Beneventi4, Christina T. Jensen3, Cristian Bellodi4, Shamit Soneji2, Mikael Sigvardsson3,5, 
Elin Jaensson Gyllenbäck1, Joan Yuan1*

The ability of B-1 cells to become positively selected into the mature B cell pool, despite being weakly self-reactive, 
has puzzled the field since its initial discovery. Here, we explore changes in B cell positive selection as a function 
of developmental time by exploiting a link between CD5 surface levels and the natural occurrence of self-reactive 
B cell receptors (BCRs) in BCR wild-type mice. We show that the heterochronic RNA binding protein Lin28b poten-
tiates a neonatal mode of B cell selection characterized by enhanced overall positive selection in general and the 
developmental progression of CD5+ immature B cells in particular. Lin28b achieves this by amplifying the CD19/
PI3K/c-Myc positive feedback loop, and ectopic Lin28b expression restores both positive selection and mature 
B cell numbers in CD19−/− adult mice. Thus, the temporally restricted expression of Lin28b relaxes the rules for 
B cell selection during ontogeny by modulating tonic signaling. We propose that this neonatal mode of B cell 
selection represents a cell-intrinsic cue to accelerate the de novo establishment of the adaptive immune system 
and incorporate a layer of natural antibody-mediated immunity throughout life.

INTRODUCTION
Whereas T cell development relies on self-peptide–major histocom-
patibility complex (MHC) ligand-mediated positive selection to 
effectively contribute to host defense (1), B cell function is not similarly 
constrained and adult immature B (ImmB) cells are purged for 
self-antigen reactivity even at low binding affinities (2, 3). Instead, 
developmental progression of newly formed ImmB cells carrying 
innocuous B cell receptors (BCRs) relies on ligand-independent tonic 
signaling mediated by the BCR and CD19 (4–7). Defying this censor-
ship of self-reactivity are B-1 cells, an innate-like B cell subset harboring 
an oligoclonal and weakly self-reactive repertoire, which is excluded 
from germinal center reaction and is responsible for a functionally 
distinct layer of antibody-mediated immunity through the secretion 
of protective natural antibodies (8). Their positive selection was 
elegantly demonstrated using an anti-thymocyte autoantigen-specific 
BCR transgenic model, in which the presence of the Thy-1 self-antigen 
was a prerequisite for the establishment of transgene-positive CD5+ 
B-1 cells of this naturally occurring specificity (9). In the near two 
decades that followed this discovery, the basis for the ability of B-1 
cells to escape central tolerance and undergo positive selection has 
remained unresolved.

Considering the predominant early-life origin of CD5+ B-1 cells, 
it is conceivable that B cell positive selection stringency may be tem-
porally controlled during ontogeny. Transgenic expression of BCRs 
directed against self-antigens such as phosphatidylcholine (PtC) are 

efficiently incorporated into the neonatal B cell repertoire while 
being excluded in favor of endogenous BCRs in the adult (9–12). 
However, although the use of BCR transgenic models has been in-
strumental in unveiling unique aspects of B-1 cell selection, conclusions 
were limited to a few B-1–restricted antigen specificities in a non-
physiological setting. To date, the underlying molecular mechanisms 
for such a putative ontogenic switch in B cell selection remain unknown.

Lin28b is a mammalian paralog of the heterochronic RNA binding 
protein Lin28, first described in Caenorhabditis elegans to block the 
biogenesis of the let-7 family of microRNAs (miRNAs) and thereby 
control the timing of developmental events (13). We have previously 
shown that Lin28b exhibits a fetal restricted expression pattern 
during murine hematopoiesis and that ectopic expression in the 
adult promotes key aspects of fetal-like lymphopoiesis, including the 
efficient production of CD5+ B-1 cells (14, 15). Since then, additional 
evidence from the lymphoid, erythroid, and megakaryocyte lineages 
has cemented the role of Lin28b as a multilineage molecular switch 
for fetal hematopoiesis (16–20). However, the requirement for 
endogenous Lin28b during early-life B lymphopoiesis has not been 
explored.

CD5 is a negative regulator of antigen receptor signaling and was 
first identified as a surface molecule expressed on human T cells and 
B chronic lymphoblastic leukemia cells (21). Parallel observations in 
mice and men established a positive correlation between the fre-
quency of CD5+ B cells and antibody polyreactivity (22). More 
recently, it was shown in antigen receptor transgenic mice that 
CD5 levels reflect the degree of self-antigen reactivity in T and B cells 
(9, 23–26). In this study, we use surface CD5 levels to interrogate 
ontogenic changes in B cell positive selection in BCR wild-type (WT) 
mice. Our results demonstrate that B cell positive selection is tempo-
rally controlled during ontogeny by endogenous Lin28b by amplifying 
a previously reported positive feedback loop involving CD19 and 
c-Myc (27–29). Thus, Lin28b acts as a cell-intrinsic enhancer of 
overall ImmB cell positive selection, including the efficient develop-
mental progression of weakly self-reactive B-1 cells early in life.
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RESULTS
Establishing a positive correlation between CD5 
expression and self-reactivity in BCR WT B-1 cells
The murine adult B-1 cell compartment displays a range of CD5 
surface levels, with those originating from fetal liver (FL) hemato-
poietic stem and progenitor cells (HSPCs) displaying the most surface 
expression. Although B-1 cells can mature in low numbers from 
adult HSPCs (30–32), these exhibit markedly lower surface CD5 ex-
pression (Fig. 1A) (33). Thus, we reasoned that uncovering the 
significance and developmental control of B cell CD5 levels would 
be critical in understanding the ontogenic switch in B cell output, 
leading to reduced B-1 cell generation. Although CD5 expression 
has been linked to self-reactivity in BCR transgenic models, this link 
has not been empirically established in a nontransgenic BCR setting. 
To this end, we took advantage of the high degree of self-antigen–
driven clonal dominance in the murine B-1 compartment as a measure 
of self-reactivity and analyzed the BCR repertoires of sorted CD5hi, 
CD5int, CD5low, and CD5neg peritoneal cavity B-1 cells from WT adult 
C57BL/6 mice (Fig. 1B). The successful separation based on 
CD5 surface levels was confirmed by fluorescence-activated cell sort-
ing (FACS) analysis (Fig. 1C). Subsequent IgHM BCR repertoire 
sequencing analysis (VDJseq; see data file S2) demonstrated a cor-
relation between increasing CD5 expression and CDR3 clonal domi-
nance (Fig. 1D). This was quantified by the inequality index (Gini 
coefficient) of clonal representation (Fig. 1E). In addition, we observed 
a gradual increase in the representation of IGHV-11 and IGHV-12 
gene segment usage, known to primarily encode the self-reactive speci-
ficity against PtC (Fig. 1F). This observation is consistent with FACS 
data displaying increasing PtC liposome reactivity with rising CD5 
levels (Fig. 1G). Consistent with the superior ability of fetal HSPCs 
to generate CD5+ B-1 cells (Fig. 1A) and the lack of terminal deoxy-
nucleotidyl transferase (TdT) expression during fetal life (34), the 
presence of N-nucleotide additions inversely correlated with CD5 levels 
(Fig. 1H). These data establish that surface CD5 expression cor-
relates with B cell self-reactivity and early ontogeny, providing a practical 
readout for self-reactivity in a non-BCRtg setting.

Lin28b potentiates an elevated mode of positive 
selection unique to neonatal mice
During adult B cell development in WT mice at steady state, CD5 
expression is restricted to self-reactive transitional B cells in the spleen 
doomed for anergy and exclusion from the long-lived B cell pool 
(25). This is in contrast to the T cell lineage, where reactivity toward 
self-peptide–MHC complex is a desirable feature and CD5 is develop-
mentally induced during positive selection in the CD4+CD8+ 
double-positive thymocyte stage (23, 24). Considering that CD5+ 
B-1 cells are allowed to mature early in life, we hypothesized that 
neonatal self-reactive CD5+ ImmB cells would be positively selected 
into the mature B cell pool, analogous to CD4+CD8+ double-positive 
thymocytes, rather than being purged from the naïve B cell repertoire. 
In line with this hypothesis, we found that both the median fluores-
cence intensity (MFI) and the spread in surface CD5 levels as measured 
by interquartile range (IQR) were elevated as neonatal bone marrow 
(NBM) pre-B cells entered the IgM+CD93+ ImmB cell stage (Fig. 2A 
and fig. S1A). This emergence of CD5hi cells was apparent in the 
neonate but not adult ImmB cells and coincides with the timing of 
central tolerance establishment (35). Although only present at low 
frequencies (0.45 ± 0.25%) among neonatal ImmB cells, PtC- reactive 
cells reside within this CD5hi fraction (Fig. 2B), suggesting that 

CD5 levels are induced during B cell maturation on the basis of self- 
reactivity. The neonatal specific expression of CD5 on ImmB cells was 
mirrored by the presence of CD5+ transitional T1 cells in the neonatal 
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Fig. 1. Establishing a positive correlation between CD5 expression and self- 
reactivity in BCR WT B-1 cells. (A) Flow cytometric analysis of peritoneal cavity 

(PerC) B cells 16 weeks after transplantation of E14.5 FL or ABM Lin
−
Sca1

+
cKit

+
 (LSK) 

HSPCs into lethally irradiated CD45.1
+
CD45.2

+
 congenic recipients. Lineage panel 

for E14.5 FL LSK: Ter119
−
B220

−
Gr1

−
CD3e

−
; ABM LSK: Ter119

−
B220

−
Gr1

−
CD11b

−
CD3e

−
; 

PerC B cells: Ter119
−
Gr1

−
CD3e

−
. (B) CD5

neg
, CD5

low
, CD5

int
, and CD5

hi
 gating strategy 

for WT adult PerC B-1 cells (Lin
−
CD19

+
CD43

+
CD23

−
). (C) Histogram overlay showing 

post sort analysis of the populations defined in (B). (D) Relative distribution of IgHM 

CDR3 sequences as determined by high-throughput VDJseq of the indicated popula-

tions. (E) Gini index of IgHM CDR3 sequence reads in sorted CD5
neg

, CD5
low

, CD5
int

, 

and CD5
hi

 populations (left to right). (F) Stacked bar graph indicates the combined 

frequency of IGHV-11 (white) and IGHV-12 (gray) containing IgHM CDR3 sequence 

reads. (G) Frequency of PtC liposome–reactive cells in the indicated B-1 populations 

as assessed by FACS. *P ≤ 0.05, ***P ≤ 0.001, ****P ≤ 0.0001 (n = 9 from three experi-

ments). (H) Frequency of CDR3 containing ≥1 N-nucleotide additions at the N1 and 

N2 junctions combined. VDJseq data (B to F and H) are representative of two bio-

logical and technical replicates.
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but not adult spleen (fig. S1B) known to be destined for the B-1 
lineage (36). Considering the link between CD5 expression and BCR 
self-reactivity, these results are consistent with an increase in the 
tolerated spectrum of self-reactive specificities and an age- restricted 
licensing of an enhanced mode of positive selection in neonatal 
ImmB cells.

We and others have previously established Lin28b as a molecular 
switch capable of reinitiating fetal-like hematopoiesis including 
B-1 cell output (14, 15, 20). However, these data were exclusively based 
on ectopic expression of either Lin28a or Lin28b. To investigate 
whether endogenous Lin28b is required for the maturation of CD5+ 
B-1 cells during neonatal life, we analyzed Lin28b−/− neonatal mice 
(37). We found that Lin28b deficiency led to decreased CD5 MFI 
and IQR in the ImmB compartment in a dose-dependent manner 
(Fig. 2C), resulting in the subsequent reduction of CD5+ transitional 
T1 B cells in the spleen (fig. S1C) and mature CD5+ B-1 cell output in the 
peritoneal cavity (Fig. 2, D and E). Furthermore, we observed a positive 
correlation between increased Lin28b dosage and ImmB cell size as 
measured by forward scatter (Fig. 2F), a hallmark of B cell positive 
selection (6). These data suggest that permissiveness toward CD5+ 
ImmB cells and developmental progression of CD5+ B-1 cells rely 
on endogenous Lin28b in neonatal mice. In line with this notion, we 
observed a postnatal decline in ImmB cell surface CD5 levels that 
coincides with the timing of the attenuation in Lin28b mRNA 
expression in hematopoietic stem cells (15) and becomes indistin-
guishable from the levels in adult ImmB cells by day 19 of age (Fig. 2G). 
We conclude that Lin28b expression early in life potentiates an elevated 
mode of positive selection characterized by the tolerance of CD5+ 
ImmB cells and the output of CD5+ B-1 cells during the first weeks of life.

Ectopic expression of Lin28b is sufficient to augment 
overall B cell positive selection in adult mice
To address whether ectopic Lin28b expression during adult B cell 
maturation is sufficient for potentiating the generation of CD5+ 
ImmB cells, we put tet-Lin28b mice (38) on a doxycycline (DOX) 

diet for a minimum of 10 days. Lin28b transgene expression resulted 
in a potent increase in CD5 MFI and IQR upon pre-B to ImmB cell 
transition (Fig. 3A). Increased CD5 levels were accompanied by a 
tet-Lin28b–induced increase in ImmB cell size (Fig. 3B) and the 
emergence of CD5+ transitional T1 cells in the spleen (fig. S1D), 
consistent with the neonatal mode of enhanced positive selection 
(6, 36). Despite the observed increase in cell size, we did not observe 
apparent changes in the percentage of replicating cells among 
tet-Lin28b pre-B and ImmB cells (fig. S2, A and D), consistent with 
a modest increase in cellular anabolism. To track the maintenance 
of CD5 expression in the periphery, we adoptively transferred the 
20% highest and lowest CD5-expressing ImmB cells from DOX- 
treated tet-Lin28b mice into individual non–DOX-treated Rag1KO 
recipients. Three weeks after adoptive transfer, CD5 levels were 
largely maintained in most donor-derived mature B cells, demon-
strating that CD5+ ImmB cells are predisposed to give rise to CD5+ 
B-1 cells in a cell-intrinsic manner (Fig. 3, C to E). Furthermore, PtC- 
reactive specificities exclusively derived from the CD5+ donor popula-
tion (Fig. 3F), consistent with CD5 marking self-reactive ImmB cells.

To establish at which B cell developmental stage Lin28b is required 
to mediate efficient CD5+ B-1 cell output, we adoptively transferred 
pro-B, pre-B, or ImmB cells from untreated tet-Lin28b donor mice 
into DOX-fed Rag1KO recipients (fig. S3A). CD5+ B-1 cell output was 
most efficient when transgene expression is initiated at the pro-B cell 
stage and declined when initiated later at the pre-B and ImmB stages 
(fig. S3B). We subsequently performed the reverse experiment in 
which tet-Lin28b transgene expression in DOX-treated donor 
mice was turned off at different stages of B cell differentiation upon 
adoptive transfer into non–DOX-treated Rag1KO recipients. Our 
results demonstrate that cessation of Lin28b transgene expression 
before the ImmB stage is detrimental to developmental progression 
of progenitors destined for the CD5+ B-1 fate (fig. S3B). Although 
there is a delay in transgene expression/cessation after transfer, 
these data firmly establish a need for Lin28b expression during the 
central tolerance checkpoint of B cell maturation (fig. S3C).
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To quantitatively test whether the efficiency of B cell positive selection 
is enhanced by Lin28b, we measured mature B cell output by single- 
cell lineage tracing of preselection pro-B cells using lentiviral cellular 
barcoding (15, 39). Adult bone marrow (ABM) pro-B cells were 
FACS-sorted from uninduced tet-Lin28b mice and transduced with 
a lentiviral library (Barcode-GFP-LV) encoding high-complexity 
DNA barcodes (Fig. 4A) (40). After transduction, the cells were 
divided into two equal halves that were adoptively transferred into 
Rag1KO recipients fed either DOX or normal diet. Green fluores-
cent protein–positive (GFP+) mature B cells were isolated from the 
recipient spleen 2 weeks after transfer and analyzed for unique barcode 
content as a measure of relative selection efficiency (fig. S4, A to E). 
The number of unique progenitors that contributed to mature B cells was 
significantly increased upon ectopic Lin28b expression (Fig. 4, B and C). 
Barcode read frequency analysis did not reveal any unbalanced clonal 
expansion over the course of the experiment (Fig. 4B). Because 

barcode labeling efficiency was directly 
comparable, our finding is consistent 
with an increase in progeny:precursor 
ratio and thereby selection efficiency. In ad-
dition, both splenic mature B-1 and 
follicular B-2 cells from DOX-treated 
recipients displayed increased CD5 levels 
(Fig. 4, D and E). These data are remi-
niscent of previous observations that 
the majority of B cells in the human fetal 
spleen and cord blood are CD5+ (41–43) 
and implicate Lin28b in the mechanism 
underlying this developmentally restricted 
expression pattern. We conclude that 
Lin28b augments overall B cell positive 
selection, including selection into the 
B-1 lineage.

To track the kinetics of developmental 
progression through the central tolerance 
checkpoint in the presence or absence of 
tet-Lin28b transgene expression in vivo, we 
pulsed DOX-fed tet-Lin28b and WT adult 
mice with a single dose of 5-ethynyl- 2′-
deoxyuridine (EdU) and assessed labeled 
B cells after 2, 24, 48, 72, and 96 hours 
of chase (Fig. 4F). Whereas initial label-
ing efficiency of IgM− B cell progenitors 
was comparable, labeled tet-Lin28b cells 
displayed accelerated progression through 
the B cell developmental stages and emer-
gence into the splenic transitional T1 
stage. Together, our data demonstrate 
that Lin28b promotes overall positive se-
lection efficiency, leading to accelerated 
developmental progression of bone mar-
row egress.

Lin28b promotes B cell positive 
selection by amplifying the  
CD19/PI3K/c-Myc feedback loop
To explore the molecular pathway by 
which Lin28b regulates B cell positive 
selection, we performed RNA sequencing 

(RNA-seq) analysis of DOX-fed tet-Lin28b and WT ABM ImmB cells 
(see data file S3). Differential gene expression analysis identified an 
increase in the expression of several previously known Lin28b/let-7 
target genes (e.g., Igf2bp3, Myc, and Lin28b itself) (Fig. 5A) as well 
as increased Cd5 and Nr4a1 (Nur77) transcript levels (Fig. 5B), con-
sistent with enhanced self-reactivity (Fig. 3) (44). Unsupervised gene 
set enrichment analysis (GSEA) of the hallmark gene set collection 
from the Molecular Signature Database (45) identified c-Myc–induced 
targets as the top up-regulated molecular signature upon tet-Lin28b 
transgene expression (Fig. 5, C and D, and fig. S5). let-7 and interferon-g 
response target genes served as positive and negative controls of our 
GSEAs, respectively (Fig. 5D). In line with this, we observed a con-
sistent increase in Myc mRNA and protein levels upon ectopic tet-Lin28b 
expression in ABM ImmB cells (Fig. 5, E and F). This finding is con-
sistent with previous reports establishing c-Myc as a let-7 target that 
is derepressed upon Lin28b expression (46–48).
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Next, to assess whether c-Myc protein levels are controlled by 
endogenous Lin28b during neonatal B cell maturation, we performed 
intracellular FACS staining (Fig. 5G). We observed an elevated level 
of c-Myc protein in WT neonatal ImmB cells compared with their 
adult counterparts. This elevated c-Myc expression is decreased in 
neonatal Lin28b−/+ and Lin28b−/− ImmB cells in a dose-dependent 
fashion. Immunoblotting of total neonatal splenic lysates also con-
firmed reduced c-Myc expression in Lin28b−/− mice (Fig. 5H). In 
line with this finding, RNA-seq analyses of sorted neonatal ImmB cells 

revealed a depletion of c-Myc target genes among Lin28b−/− com-
pared with WT mice (Fig. 5I) (see data file S4). Thus, Lin28b critically 
maintains an elevated level of c-Myc protein levels and function 
during neonatal B cell maturation.

To assess whether transgenic c-Myc overexpression mediates 
increased positive selection, we analyzed ImmB cells of precancerous 
Eu-Myc transgenic mice. Our findings demonstrate decreased l light 
chain usage (fig. S6, A and B), increased cell size (fig. S6C), and a 
trend, although not significant, toward increased surface CD5 expression 
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(fig. S6, D and E), consistent with increased positive selection and a 
partial recapitulation of tet-Lin28b–induced B cell maturation. We 
also observed a marked increase in CD19 surface expression on Eu-Myc 
ImmB cells, consistent with the previously reported CD19/c-Myc 
positive feedback loop (fig. S6F) (28). We did not, however, detect 
any reactivation of endogenous Lin28b expression as has been reported 
in several human and murine tumor models (fig. S6, G and H) (49, 50). 
Together, our evidence suggests that c-Myc is a key mediator of 
Lin28b-mediated positive selection. It is important to note that c-Myc 
is not the only downstream mediator of Lin28b. We observed several 
other significantly enriched molecular signatures in our GSEA 
(Fig. 5C and fig. S5)—including E2F, oxidative phosphorylation, and 
mammalian target of rapamycin complex 1 (MTORC1) signaling—
consistent with previous reports of Lin28b action (38, 47, 51).

Previous studies have implicated c-Myc as a key mediator of the 
CD19/PI3K (phosphatidylinositol 3-kinase) signaling pathway that 
critically controls ImmB cell positive selection and mature B cell 
survival (27–29, 52–54). CD19−/− mice display reduced c-Myc protein 
levels (28), extensive receptor editing and developmental arrest of 
ImmB cells (5–7), as well as decreased peripheral B cell numbers 
and B-1 cell representation (55–57). We crossed the tet-Lin28b 
transgene onto a CD19−/− background (56) to test whether Lin28b- 

induced Myc expression can genetically rescue the observed defects 
in CD19−/− mice. After a 3-week DOX treatment, we observed a near- 
complete rescue of splenic B cell numbers in tet-Lin28b transgenic 
CD19−/− mice (Fig. 6, A and B) as well as a partial rescue of B-1 cell 
representation (figs. S6, I to K). FACS analysis of CD19−/− ImmB cells 
revealed the expected characteristics of impaired positive selection—
including decreased CD5 levels, enhanced l:k light chain usage ratio 
(Fig. 6, C to E), and reduced ImmB cell representation (fig. S6L). 
These defects were also restored to normal adult levels by tet-Lin28b 
expression. These results demonstrate a potent ability of Lin28b to func-
tionally compensate for CD19 during B cell selection and maintenance.

To assess whether tet-Lin28b expression up-regulates c-Myc 
expression in CD19−/− mice, we performed Western blot analyses. 
c-Myc protein in total splenic B cells increased upon tet-Lin28b 
transgene expression. In addition, Lin28b also augmented the PI3K 
signaling pathway in CD19+/+ and CD19−/− mice as measured by 
phospho-PDK1, phospho-GSK3b, and phospho-S6 (Fig. 6, F and G), 
consistent with a previously reported role for Lin28b in the positive 
regulation of the PI3K/MTORC1 signaling pathway (38), as well as our 
own RNA-seq analyses (Fig. 5C). We conclude that Lin28b promotes 
B cell positive selection at least in part through the amplification of a 
previously reported c-Myc/PI3K positive feedback loop (27–29).
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 (n = 4) 3-day-old NBM. Left: Top enriched hallmark gene sets. Right: Leading edge plot showing a depletion of c-Myc targets in Lin28b-deficient ImmB 

cells based on DESeq analysis.
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Fig. 6. Ectopic Lin28b functionally replaces CD19 in B cell development and maintenance. (A) Representative FACS plots showing frequency of splenic B cell adult 

mice of the indicated genotypes fed a DOX diet for 3 weeks (n = 5 to 7 from three experiments). (B) Quantification (left) and absolute B cell numbers (right) in spleen of 

mice from (A). (C) CD5 levels on ABM ImmB cells from (A). (D) Representative plots of k and l light chain usage in ABM ImmB cells. (E) Quantification of (D) (n = 4 to 9 from 

three experiments). (F) Representative Western blot of pPDK1, pGSK3b, c-Myc, human Lin28b (tg-Lin28b), pS6, and b-actin levels in magnetically lineage-depleted 

(CD3
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Gr1
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Lin28b-induced positive selection in the adult 
produces fully functional CD5+ B-1 cells
To assess the functionality of CD5+ B-1 cells induced by tet-Lin28b–
mediated positive selection in the adult, we compared their in vivo 
and in vitro effector functions with natural CD5+ B-1 cells found in 
unperturbed adult WT mice (nB-1). To this end, we first established 
a transplantation-based model system that circumvents a critical 
pitfall of previous approaches (14, 20), in which constitutive over-
expression of Lin28a/b in mature B-1 cells failed to resolve develop-
mental effects on positive selection from those on mature B-1 cell 
maintenance and function. Donor tet-Lin28b ABM HSPCs were 
DOX-treated for 4 weeks to allow for a transient wave of fetal-like 
CD5+ B-1 cell (L28B-1) output upon transfer into preconditioned Rag1KO 
recipient mice (Fig. 7A). WT FL and ABM Lin−Sca1+cKit+ (LSK) 
HSPCs were similarly transplanted, yielding FLB-1 and ABMB-1 control 
populations, respectively. Donor-derived B-1 cells were analyzed after 
a 12-week chase period during which DOX treatment was removed. 
We confirmed the cessation of ectopic Lin28b protein expression and 
the subsequent decline of ongoing B-1 maturation (fig. S7, A and B), 
which mimics the natural down-regulation of endogenous Lin28b 
during postnatal life (14, 17). Whereas WT ABM HSPCs produced 
a low frequency of CD5+ B-1 cells, transient Lin28b expression re-
sulted in the long-term reconstitution of L28B-1 cells with a similar 
CD5 expression profile as nB-1 cells (Fig. 7, B and C, and fig. S7, C 
to E). To more rigorously assess the long-term survival of L28B-1 
cells in the absence of ABM influx, a hallmark of B-1 cell biology (58), 
we performed competitive transfer of FACS-sorted test B-1 cell sub-
sets at a 1:2 ratio with nB-1 congenic competitor cells into Rag1KO 
mice. At 12 weeks after transfer, the L28B-1 cells displayed long-term 
fitness comparable with FLB-1 and nB-1 cells (Fig. 7D). In contrast, 

ABMB-1 cells were markedly outnumbered by competitor cells. Thus, 
continuous Lin28b expression is not required for the bone marrow–
independent long-term maintenance of L28B-1 cells in the periphery. 
Instead, our data suggest that the initial Lin28b-dependent mode of 
B-1 cell selection is the main predictive parameter of longevity. The 
stability of surface CD5 levels closely mirrored our observations of 
peripheral maintenance. While L28B-1 cells maintained their CD5 
levels long term, the remaining ABMB-1 cells, initially sorted for 
CD5 positivity, displayed a lower CD5 expression profile at the time of 
analysis (Fig. 7E). Corroborating these data, CD5 levels on ABMB-1 cells 
were destabilized upon in vitro lipopolysaccharide (LPS) stimulation 
but remained constant on L28B-1 and nB-1 cells (fig. S7F). We con-
clude that the long-term fitness and stability in CD5 expression 
critically depend on the Lin28b-mediated mode of positive selection.

One hallmark of B-1 cells is their semi-invariant repertoire stem-
ming from the lack of TdT expression early in life (34). To address 
the diversity of the L28B-1 BCR repertoire, we performed VDJseq of 
the immunoglobulin heavy chain repertoire. Our results demonstrate 
that L28B-1 cells, like ABMB-1 cells, exhibit high junctional diversity 
(Fig. 7F). These results are in line with the observation that Lin28b 
does not abrogate TdT expression in ABM pro-B cells (fig. S7G) and 
is consistent with a previous report based on constitutive Lin28b 
overexpression (20). Thus, we conclude that Lin28b allows for the 
positive selection of a highly diverse repertoire of CD5+ ImmB cells 
and that germline-encoded specificities prevalently used early in life 
are not a prerequisite for neonatal-like B cell positive selection or 
long-lived B-1 cell fate.

Last, we assessed IgM and interleukin-10 (IL-10) secretion as two 
important B-1 effector functions. Our results show that both L28B-1 

and ABMB-1 isolated from the spleen cells are capable of spontaneous 
IgM secretion by enzyme-linked immunospot (ELISPOT) assay. 
Furthermore, IL-10 production upon in vitro LPS stimulation of 
both L28B-1 and ABMB-1 was comparable with nB-1 and FLB-1 levels 
(fig. S7, H and I). We conclude that Lin28b-dependent positive 
selection produces functionally competent B-1 cells and is a pre-
requisite for the B-1 signature characteristics of long-term survival 
and stable CD5 expression. However, the Lin28b-dependent mode 
of positive selection is not required for other critical innate-like 
functional properties such as IL-10 production and spontaneous IgM 
secretion (Fig. 7G) (8).

DISCUSSION
In this study, we demonstrate that the early-life restricted expression 
pattern of Lin28b potentiates an enhanced mode of B cell positive 
selection during a limited window of time. Numerous studies have 
previously cemented a role for Lin28b as a multilineage master regula-
tor of fetal-like hematopoiesis (14, 16–20). Our finding that Lin28b 
promotes positive selection by amplifying a positive feedback loop 
involving CD19 and c-Myc represents a highly B lineage–specific 
mode of Lin28b action. CD19 overexpression has previously been 
demonstrated to enhance positive selection, B-1 cell numbers, and 
autoantibody production by shifting the selection criteria for newly 
formed B cells (55, 59, 60). Thus, the ability of Lin28b to replace 
CD19-mediated tonic signaling during B cell maturation represents 
a cell-intrinsic mechanism of altering the threshold for B cell selec-
tion early in life and positions the Lin28b/let-7 axis among a growing 
list of miRNA-dependent modes to fine-tune the PI3K pathway and 
B cell selection (29, 61, 62).

Our results suggest that the proto-oncogene c-Myc, which pro-
motes B lymphomagenesis through the CD19/PI3K pathway (28, 63), 
is one key mediator of Lin28b action in B cells. In addition to being 
a let-7 target that is derepressed upon Lin28 expression (46–49), the 
Myc transcript was recently found to be bound by Lin28b, which 
may result in stabilization of the transcript (64). These findings are 
consistent with a conserved functional synergy between Lin28b, itself 
a c-Myc transcriptional target, and c-Myc during normal develop-
ment, induced pluripotent stem cell reprogramming, as well as 
oncogenic transformation. Previously, another let-7 target, Arid3a, 
was shown to be ontogenically controlled by Lin28b (20) and to 
promote B-1 cell output, in part, through up-regulation of Myc 
expression (65). These findings implicate Arid3a as an additional 
player in the molecular network controlling the neonatal mode of 
positive selection. Many questions remain as to how Lin28b achieves 
enhanced B cell positive selection including to what extent death by 
neglect and negative selection is suppressed and how Lin28b deploys 
let-7–dependent versus let-7–independent mechanisms. Lin28b- 
positive (66) and CD5-positive (67) subtypes of pediatric acute lympho-
blastic leukemias have been independently described and highlight 
the need to dissect whether or not endogenous Lin28b is complicit 
with c-Myc in the oncogenesis of B cell cancers.

Previously, the topic of B-1 cell selection has mainly been studied 
through the narrow lens of a small number of germline-encoded BCR 
specificities using BCR transgenic mice. Here, we used several inno-
vative approaches to tackle this question in BCR WT mice. First, we 
establish CD5 FACS analysis as a useful tool for studying ImmB cell 
positive selection in general and neonatal mice in particular. Second, our 
use of cellular barcoding represents a suitable method for quantifying 
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Fig. 7. Tet-Lin28b–induced positive selection during adult B lymphopoiesis produces fully functional CD5+ B-1 cells. (A) Schematic showing the DOX-STOP experi-

mental setup. A total of 10,000 LSK HSPCs were sorted from the indicated donors and transplanted into sublethally irradiated Rag1KO recipients. Recipients were kept on 

a DOX diet for 4 weeks, allowing for transient B-1 cell output by tet-Lin28b HSPCs, followed by a normal diet for 12 weeks (fig. S6). (B) Gating strategy for FACS sorting of 

PerC CD5
+
 B-1 cells isolated from untransplanted adult (16-week-old) WT mice (nB-1) or the indicated reconstituted recipients 16 weeks after transplantation. (C) Frequency 

of PerC CD5
+
 B-1 cells 16 weeks after transplantation (n = 7 to 14 from three experiments). (D) A total of 2 × 10

4
 sorted CD5

+
 B-1 cells from the indicated mice were com-

petitively transferred by intraperitoneal injection along with congenic nB-1 competitors at a 1:2 ratio. Bar graph shows donor:competitor recovery ratio 12 weeks after 

transfer (n = 2 to 6 from two experiments). (E) Histogram showing CD5 expression levels of transferred nB-1, FLB-1, ABMB-1, and L28B-1 cells and their congenic competitors. 

(F) Frequency of CDR3 containing one or more N-nucleotide additions at the N1and N2 VDJ junctions combined. n = 3 to 7 biological replicates from three experiments. 

*P ≤ 0.05, **P ≤ 0.01, ****P ≤ 0.0001. Error bars show the SD of the mean. (G) Graphical summary. Our data put forward a unified model for the augmented B-1 cell output 

early in life. Lin28b-dependent ImmB cell positive selection early in life endows B-1 cells with their hallmark characteristics, including a stable CD5 expression profile and 

long-term fitness. Ectopic Lin28b in adult life can efficiently induce B-1 cell positive selection on the backdrop of a highly diverse adult type BCR junctional diversity. 

Adult-derived B-1 cells that develop independently of Lin28b are functionally comparable in terms of IL-10 and spontaneous IgM secretion but display reduced CD5 expression 

and impaired long-term fitness. We propose that Lin28b-mediated enhancement of B cell tonic signaling licenses self-reactive B-1 cell output during the neonatal period 

when the risk for harmful autoreactivity is constrained by limited junctional diversity, thereby contributing to an important layer of natural antibody-mediated immunity.
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the relative precursor-progeny frequency of B cell selection efficiency. 
Third, our use of transient tet-Lin28b induction in a transplantation 
setting allowed us to tease apart transgene effects on B cell positive 
selection from those on mature B cell function and maintenance. 
Together, these approaches have allowed us to demonstrate that 
Lin28b expression during the central tolerance checkpoint is necessary 
and sufficient for the generation of fully functional long-lived B-1 cells 
on the backdrop of a highly diverse adult type BCR repertoire. 
Although the degree and specificity of self-antigen reactivity of 
tet-Lin28b–induced CD5+ B-1 cells that are not PtC reactive remain 
to be empirically determined, our findings indicate that the Lin28b- 
dependent mode of B-1 cell selection into the mature B cell pool is 
a predictive feature of bone marrow–independent self-renewal.

Despite the many remaining questions, our study establishes an 
undeniable link between developmental timing and B cell signaling 
strength. This is a substantial advancement in our understanding of 
B-1 cell fate determination that reconciles two compelling yet pre-
viously disjointed bodies of work emphasizing the importance of 
early progenitor ontogeny on the one hand (68–71) and BCR-driven 
events on the other (21, 72–75). Most recently, elegant work from 
Graf et al. (75) demonstrating that the Cre recombinase–mediated 
exchange of BCR transgene identity in mature naïve follicular B-2 cells 
confers B-1 functionality cemented the instructive power of BCR 
signaling. However, CD5 expression was not fully restored in these 
BCR-switched cells, leaving open the possibility that additional de-
velopmental determinants are required for complete reprogramming 
to natural B-1 fate (75). To this end, our findings that CD5 levels are 
set in the ImmB cell stage and that transient Lin28b expression 
during, but not beyond, bone marrow B cell selection is a require-
ment for stably maintained CD5 expression provide missing links. 
Our findings represent a mechanistic explanation to the early-life 
bias of CD5+ B-1 cell output, providing a unified model for B-1 lineage 
choice in which Lin28b acts as a developmentally restricted regulator 
of B cell signaling, which, in turn, instructs B-1 cell fate during positive 
selection.

The risks for incorporating harmful autoreactivity raise the stakes 
for Lin28b-dependent enhancement of positive selection early in life. 
Still, when restricted to a narrow developmental window during 
ontogeny, this seemingly reckless behavior may confer significant 
evolutionary gains for the host. First, this may represent a critical 
mechanism to accelerate the expansion phase of the adaptive immune 
system during the sensitive neonatal period to mitigate the potential 
risks of lymphopenia. Second, it represents an opportunity for the 
incorporation of useful polyreactive, and by definition somewhat 
self-reactive, specificities into the mature B cell pool that could con-
tribute to tissue homeostasis as well as close any gaps in our 
immune system exploitable by pathogens. Moreover, continuous 
encounter of self-antigen primes innate-like B cells for rapid and 
intense responses before the delayed response of conventional follicular 
B-2 cells. Given that the lack of TdT expression severely restricts 
CDR3 diversity early in life, the benefits of Lin28b-dependent positive 
selection may outweigh the limited risks for generating harmful auto-
immunity. The unique role of polyreactive antibodies in humoral 
immunity is widely recognized in both the broad antimicrobial 
function of natural antibodies and the highly specific protection re-
sponses to thymus-dependent antigens (76, 77). Together, our work 
provides key insights into the phenomenon of B cell positive selection 
from a developmental biology perspective and highlights the contri-
bution of the ontogenically restricted expression pattern of Lin28b to 

the establishment of peripheral B cell heterogeneity and lifelong 
antibody diversity.

MATERIALS AND METHODS
Mice
Col1a1tm2tetO-LIN28B mice crossed to R26m2rtTA were obtained 
from the laboratory of G. Daley (Harvard Medical School) (38). 
Transheterozygous mice are herein referred to as tet-Lin28b. In all 
experiments where tet-Lin28b mice were used, control mice harbor-
ing the R26m2rtTA allele were used and are designated as “WT.” 
The following mouse strains were obtained from the Jackson Labo-
ratory: Lin28b−/− (B6.Cg-Lin28btm1.1Gqda/J strain number 023917) (37), 
Rag1KO (B6.129S7-Rag1tm1Mom/J strain number 002216), CD45.1 
(B6.SJL-Ptprca Pepcb/BoyJ strain number 002014), CD19−/− [B6.129P2(C)- 
Cd19tm1(cre)Cgn/J strain number 006785], and EuMYC [B6.Cg-Tg 
(IghMyc)22Bri/J strain number 002728]. CD45.2 WT mice were 
from Taconic (B6NTac, Taconic). Adult mice were 10 to 16 weeks of age 
unless specified differently. DOX diet (200+ mg/kg) was obtained from 
ssniff GMBH. All animal procedures were performed in accordance 
with ethical permits approved by the Swedish Board of Agriculture.

HSPC transplantations
For HSPC transplantations, 10,000 LSK HSPCs from CD45.2 E14.5 FL 
or ABM were FACS-sorted and transplanted into either Rag1KO 
or congenic CD45.2+CD45.1+ recipient mice together with 200,000 
CD45.1 total BM support cells. Recipient mice were irradiated 
(1 × 450 cGy for Rag1KO and 2 × 450 cGy for CD45.1) and trans-
planted by tail vein injection. All mice were given ciproxin (125 mg/liter) 
containing water for 2 weeks after irradiation. Endpoint analysis was 
performed 16 to 20 weeks after transplantation as indicated for each 
experiment. For the DOX-STOP regimen in Fig. 7, recipient mice 
were fed a DOX diet for 7 days before transplantation with and 4 weeks 
after transplantation. Mice were analyzed after a DOX-free chase 
period of 12 weeks.

Lentiviral cellular barcoding and transplantation 
of pro-B cells
A total of 100,000 pro-B cells were sorted and transduced with Barcode- 
GFP-LV (40), as previously described (15). The equivalence of 50,000 
sorted and transduced pro-B cells was transplanted per Rag1KO 
recipient 12 hours after Barcode-GFP-LV transduction. Recipients 
for cells in the +DOX condition were maintained on a DOX diet 
starting 7 days before transplantation and throughout the course of 
the experiment. Splenic mature B cells (CD19+CD93−GFP+) were 
FACS-sorted 2 weeks after transplantation and analyzed for barcode 
content, as previously described (15). Samples were indexed using 
the Nextera XT Indexing Kit (Illumina) and sequenced using the 
Illumina NextSeq platform (Illumina). Two technical polymerase 
chain reaction (PCR) replicates were performed from the genomic 
DNA of each population, and only barcodes found in both technical 
replicates were considered for further analysis, as shown in fig. S4.

Flow cytometry
Antibodies are detailed in table S2. BM cells were extracted by crushing 
the bones from hindlimbs, hips, and spine with mortar and pestle 
(78). Adult, but not neonatal, BM and spleens were subjected to red 
blood cell lysis. Peritoneal lavage was performed using 10 ml (adult) or 
2 ml (10-day neonate) of FACS buffer [Hanks’ balanced salt solution 
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supplemented with 0.5% bovine serum albumin (BSA) and 2 mM 
EDTA]. Antibody staining was performed in FACS buffer at a density 
of maximum 1 × 107 cells/100-ml volume for 30 min on ice. For 
intracellular staining, a maximum of 10 × 106 cells were fixed and 
permeabilized either in 100 ml of 4% formaldehyde at room tem-
perature (RT) for 15 min and in 0.5% Triton-X in phosphate-buffered 
saline (PBS) at RT for 15 min or using the Transcription Factor Buffer 
Set (BD Pharmingen) according to the manufacturer’s instructions.

All FACS experiments were performed at the Lund Stem Cell 
Center FACS Core Facility, Lund University, on FACSAria III, 
FACSAria IIu, Fortessa, and LSR II instruments (Becton Dickinson). 
Bulk populations were sorted using a 70- or 85-mm nozzle, 0.32.0 
precision mask, and a flow rate of maximally 6000 events/s. For pro-B 
cell or ImmB cell isolation, total BM cells were pre-enriched by MACS 
(Miltenyi Biotec) depletion of Lineage+ cells (Ter119+Gr1+CD11b+CD3e+) 
according to the manufacturer’s instructions before FACS sorting.

All analyses were performed using FlowJo 9 or 10. For IQR plots, 
the 25th percentile, median, and 75th percentile of expression were 
determined using FlowJo. Values were then plotted using R and the 
ggplot2 package.

VDJseq
VDJseq on isolated complementary DNA (cDNA) was performed as 
previously described (79). All analyses were performed using R version 
3.2.1 (2015) and R version 3.5.2 (2018) (R Core Team; www.R-project.org/). 
Gini indexes were calculated using the R Reldist package 1.6-6. R scripts 
are available upon request.

EdU pulse label
Mice were injected intraperitoneally with a single dose of 5 mg of 
EdU (Abcam). At the indicated time points, 10 × 106 ABM or spleen 
cells were prepared and stained for surface markers as described above. 
Next, cells were fixed in 4% paraformaldehyde for 15 min at RT and 
permeabilized using a solution of 0.5% Triton-X in PBS for 15 min 
at RT. Subsequently, the Click-iT reaction between EdU and azide–
Alexa Fluor 555 was performed according to the manufacturer’s 
protocol (Thermo Fisher Scientific).

Enzyme-linked immunosorbent assay
Enzyme-linked immunosorbent assay (ELISA) plates were coated 
with an IL-10 antibody in carbonate buffer [0.1 M Na2CO3:0.1 M 
NaHCO3 (pH 9.6) at a 1:3 ratio] overnight at 4°C. Plates were washed 
with PBS-T (PBS with 0.1% Tween 20) and blocked with 1% BSA in 
PBS and incubated at RT for 2 hours. After washing with PBS-T, 
plates were washed before adding appropriate sample dilutions. After 
washing with PBS-T, anti–IgM–horseradish peroxidase antibody 
was added for 2 hours at RT. After washing of plates with PBS-T, 
TMB substrate (Pierce) was added. The reaction was stopped by an 
equal amount of STOP solution (2 M H2SO4).

RNA sequencing
RNA-seq was performed on sorted ABM or 3-day-old NBM ImmB cells 
(CD19+B220loCD93+IgM+CD24hi). Libraries were generated using 
the SMART-Seq v4 Ultra Low Input RNA Library Prep Kit (Clontech) 
and the Nextera XT DNA Indexing Kit (Illumina) according to the 
manufacturer’s instructions. Libraries were indexed using the 
Nextera XT v2 Indexing Kit (Illumina) according to the manufacturer’s 
instructions. Libraries were sequenced on an Illumina NextSeq 
system using a NextSeq V500/550 150-cycle high-output kit. Reads 

were aligned using STAR aligner v2.7.1 (80) and counted using 
RSEM v.1.28. Differential gene expression analysis was performed 
using the DESeq2 R package v1.22.2 (81) in R 3.5.2. GSEA was per-
formed using the fgsea R package v1.8.8 in R 3.5.2. (82) was run 
on DESeq2 normalized counts using standard parameters with 
1000 permutations and the log2 fold change as ranking metric. 
H collection MSigDB hallmark gene sets were used for analysis (45). 
Data are made available in the Gene Expression Omnibus repository 
(GSE135603).

Quantitative PCR
Total RNA was isolated using RNAzol (Sigma-Aldrich). cDNA syn-
thesis was performed using the TaqMan Reverse Transcription 
Reagent Kit (Life Technologies) according to the manufacturer’s 
instructions. Quantitative PCR (qPCR) analysis was done using probes 
from Integrated DNA Technologies (IDT) (Myc Mm.PT.39a.22214843.g 
and Actb Mm.PT.58.28494642, Lin28b Mm.PT.58.8558661) and master 
mix from Kapa Biosystems.

Western blot
Cells were lysed in 50 mM tris-HCl (pH 7.8), 150 mM NaCl, 1 mM 
EDTA, and 1% NP-40. Loading samples were prepared with Laemmli 
buffer (Bio-Rad) with b-mercaptoethanol (Scharlau Chemicals) 
and protease inhibitor (Roche). Proteins were separated by SDS– 
polyacrylamide gel electrophoresis (12% Mini-Protean TGX gel, 
Bio-Rad) and transferred to a nitrocellulose membrane (Trans-Blot 
Turbo Mini Nitrocellulose Transfer Packs, Bio-Rad). Membranes were 
blocked for 1 hour at RT in 5% BSA, 5% skimmed milk, or 5% 
enhanced chemiluminescence (ECL) blocking solution in tris-buffered 
saline (TBS)–0.05% Tween 20 depending on the manufacturer’s 
instructions. Antibodies are listed in table S2. The ECL Prime kit 
(GE Healthcare) was used to detect protein bands with a ChemiDoc 
XRS+ system (Bio-Rad). All reagents were used according to the 
manufacturer’s instructions.

Statistical analysis
All statistical analysis was performed using GraphPad Prism v7. 
Statistical significance was tested using a two-sided unpaired t test, 
unless otherwise specified in the figure legend. Statistical analysis of 
RNA-seq data was obtained through analysis in the cited R packages.

SUPPLEMENTARY MATERIALS
immunology.sciencemag.org/cgi/content/full/4/39/eaax4453/DC1

Fig. S1. Gating strategies for developing B cells.

Fig. S2. Cell cycle analysis of tet-Lin28b ABM pre-B and ImmB subsets.

Fig. S3. Determination of the minimal DOX treatment window during B cell maturation 

required for efficient CD5
+
 B-1 cell output from tet-Lin28b ABM.

Fig. S4. Barcode filtering and analysis strategy.

Fig. S5. Differentially expressed genes within top enriched Hallmark gene sets.

Fig. S6. Genetic evidence implicating Lin28b in the CD19/PI3K/c-Myc pathway.

Fig. S7. Transient tet-Lin28b expression of ABM progenitors promotes the output of 

functionally competent CD5
+
 B-1 cells.

Table S2. Antibodies used in this study.

Data file S1. Table S1: Raw data supplement.

Data file S2. VDJseq PerC B-1 CD5 slices.

Data file S3. DESeq2 normalized counts for adult tet-Lin28b and WT ImmB RNA-seq.

Data file S4. DESeq2 normalized counts for neonatal Lin28b
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Enhanced protein synthesis
is a defining requirement for
neonatal B cell development

Hugo Åkerstrand1, Elena Boldrin1, Giorgia Montano1,
Stijn Vanhee1, Karin Olsson1, Niklas Krausse1, Stefano Vergani1,
Maciej Cieśla2, Cristian Bellodi2 and Joan Yuan1*

1Developmental Immunology Unit, Department of Molecular Hematology, Lund Stem Cell Center,
Lund University, Lund, Sweden, 2RNA and Stem Cell Biology Unit, Department of Molecular
Hematology, Lund Stem Cell Center, Lund University, Lund, Sweden

The LIN28B RNA binding protein exhibits an ontogenically restricted expression

pattern and is a key molecular regulator of fetal and neonatal B lymphopoiesis. It

enhances the positive selection of CD5+ immature B cells early in life through

amplifying the CD19/PI3K/c-MYC pathway and is sufficient to reinitiate self-

reactive B-1a cell output when ectopically expressed in the adult. In this study,

interactome analysis in primary B cell precursors showed direct binding by

LIN28B to numerous ribosomal protein transcripts, consistent with a

regulatory role in cellular protein synthesis. Induction of LIN28B expression in

the adult setting is sufficient to promote enhanced protein synthesis during the

small Pre-B and immature B cell stages, but not during the Pro-B cell stage. This

stage dependent effect was dictated by IL-7 mediated signaling, which masked

the impact of LIN28B through an overpowering stimulation on the c-MYC/

protein synthesis axis in Pro-B cells. Importantly, elevated protein synthesis was a

distinguishing feature between neonatal and adult B cell development that was

critically supported by endogenous Lin28b expression early in life. Finally, we

used a ribosomal hypomorphic mouse model to demonstrate that subdued

protein synthesis is specifically detrimental for neonatal B lymphopoiesis and the

output of B-1a cells, without affecting B cell development in the adult. Taken

together, we identify elevated protein synthesis as a defining requirement for

early-life B cell development that critically depends on Lin28b. Our findings offer

new mechanistic insights into the layered formation of the complex adult B

cell repertoire.
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Introduction

B-cell development is centered around alternating stages of

cellular proliferation and V(D)J recombination at the

immunoglobulin heavy and light chain loci, with the goal of

producing a diverse yet self-tolerant B cell repertoire. During

the Pro-B cell stage, productive IgH rearrangement results in the

expression of a pre-BCR complex and differentiation into the

large Pre-B cell stage. The latter is marked by a transient burst of

clonal expansion. Cell cycle exit is accompanied by the initiation of

light chain recombination and entry into the small Pre-B cell stage.

IL-7 signaling is an essential trophic factor during the Pro- and large

Pre-B cell stages, promoting cell survival, proliferation, and

differentiation, through distinct effects mediated by the Stat5 and

mTORC1/c-MYC signaling axes (1, 2). IL-7 signaling wanes as large

Pre-B cells move away from IL-7 producing stromal cells in vivo

and its attenuation is required for the developmental progression

into the small Pre-B cell stage and the onset of IgK light chain

recombination (3). Generation of a productive immunoglobulin

heavy and light chain complex leads to membrane IgM expression

and developmental progression into the immature B (Imm-B) cell

stage. Here, cells carrying innocuous BCRs are allowed to mature

while self-reactive specificities are subject to central tolerance

mechanisms including receptor editing and apoptosis to remove

potentially harmful recognition of “self” (4). Progression through

these stages is accompanied by dramatic fluctuations in bioenergetic

states. Although metabolic capacity has been proposed to modulate

the central tolerance checkpoint (5), this theory has not been

empirically proven.

Much of what we know about B cell development comes from

studies in adult mice, which differs significantly from fetal and

neonatal life. For example, while B cell development in adult bone

marrow strictly requires IL-7 mediated signaling, B cell output can

take place in neonatal mice lacking IL-7Ra until around two weeks

of age (6). Furthermore, both the pre-BCR and mature BCR

checkpoints are less stringent during neonatal life allowing for the

positive selection of poly and self-reactive specificities in mice and

men (7–9). This correlates with the output of self-reactive CD5+ B-

1a cells in mice, which secrete natural antibodies important for the

clearance of cellular debris and act as a first line of defense against

pathogens (10). Despite these differences, the basis for the

developmental switch in B cell output is not well understood.

One molecular program that distinguishes early life

lymphopoiesis is centered around the post-transcriptional

regulator LIN28B. Along with LIN28A, it is one of two

mammalian homologs of the heterochronic lin-28 RNA binding

protein first identified in Caenorhabditis elegans (11). In the

mammalian hematopoietic system, Lin28b expression is abundant

during fetal life and gradually silenced within the first two to three

weeks of life, critically controlling a neonatal switch in

hematopoietic stem cell function and lineage output patterns (12–

14). LIN28A/B plays an established role in regulating cellular

growth and metabolism in various tissues, most famously through

the direct inhibition of the biogenesis of the evolutionarily

conserved Let-7 family of microRNAs. Its expression de-represses

Let-7 targets which include the proto-oncogenes Myc, Arid3a,

Hmga2 and Igf2bp1-3 (15–17). We and others have previously

shown that ectopic LIN28A/B expression in the adult is sufficient

to reinitiate a fetal-like gene expression signature and promote key

aspects of fetal-like lymphopoiesis, including the efficient

production of CD5+ B-1a cells (13–15, 18). These studies

establish ectopic LIN28B expression as a powerful approach to

understand the unique molecular program that governs early life B

cell output. Furthermore, studies from both BCR poly-clonal and

BCR transgenic mouse models make clear that LIN28B relaxes the

central tolerance checkpoint to allow for the positive selection of

self-reactive BCR specificities and thereby uniquely shapes the

neonatal B cell repertoire (19, 20). Immunophenotypically, this

phenomenon is marked by the developmental progression of CD5+

Imm-B cells destined for the B-1a cell lineage (19). The mechanism

for this effect is, although not fully understood, at least in part linked

to augmentation of c-MYC protein levels in Imm-B cells (19)

known to promote B cell positive selection (21).

A less understood mechanism of LIN28B action is through the

direct binding of coding mRNAs to either positively or negatively

regulate transcript stability and protein translation, in a context

dependent manner (22–31). In particular, several studies have

demonstrated the ability of LIN28B to promote the translation of

ribosomal proteins, through Let-7 independent direct binding to

their transcripts in human ES cells (32), transformed human kidney

(22) and neuroblastoma (31) cell lines. However, the role of the

protein synthesis pathway in LIN28B dependent B cell output is not

known. Here we demonstrate that LIN28B can directly interact with

ribosomal protein transcripts in primary B cell precursors. Using an

inducible mouse model we show that LIN28B expression during

adult B cell development elevates protein synthesis during the small

Pre-B and Imm-B cell stages. Finally, we show that elevated protein

synthesis is a hallmark of neonatal B cell development that depends

on endogenous Lin28b expression and critically supports the

generation of CD5+ B-1a cells early in life. We conclude that

LIN28B augments protein synthesis to potentiate the unique

features of early life B cell output.

Materials and methods

Mice

tet-LIN28Bmice were generated by intercrossingCol1atetO-LIN28B

(JAX: #023911) mice, carrying Doxycyclin (Dox) inducible Flag-

tagged human Lin28b cDNA under the endogenous Col1a promoter,

to Rosa26rtTA*m2 (JAX: #006965) mice and were originally obtained

from the laboratory of George Daley (Harvard Medical School) (33).

Monoallelic transgene expressing mice were used for experiments.

Rosa26rtTA*m2 heterozygous littermates were used as control mice.

For in vivo experiments, Doxycycline (Dox) chow (200 mg/kg, Ssniff,

cat#A112D70203) was fed to tet-LIN28B and littermates for 10 days

before analysis. B6.Cg-Lin28btm1.1Gqda/J (Lin28b KO) (JAX:

#023917), C57BLKS-Rpl24Bst/J (Bst) (JAX: #000516) and Nur77-

GFP (Jax #016617) were from the Jackson laboratory. Wildtype mice

were from Taconic (B6NTAC, Taconic). The Lin28b-eGFP knock-in

strain was generated as previously described (34). Adult mice were

Åkerstrand et al. 10.3389/fimmu.2023.1130930
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used at 10 to 16 weeks of age, neonates were analyzed at the indicated

days post-birth. Male and female mice were used interchangeably

throughout the experiments. Animal husbandry and experimental

procedures were performed in accordance with ethical permits

issued by the Swedish Board of Agriculture.

Bone marrow cultures

Adult bone marrow B cell precursors from untreated adult mice

were expanded and enriched ex vivo, as previously described (35).

Briefly, single cell suspension of red blood cell lysed bone marrow

cells from untreated adult mice were plated in complete RPMI-1640

(Fischer Scientific, cat#21875091) (supplemented with 10% FBS,

HEPES, NEAA, Sodium Pyruvate, Penstrep, 2-mercaptoethanol)

and incubated for 15 min at 37 °C. The non-adherent cells were

isolated and seeded at a cell density of 0.75-1.5 million/mL using

complete RPMI-1640, IL-7 (20 ng/mL, Peprotech, cat#217-17), and

Dox (0.1 μg/ml, Sigma-Aldrich, cat#D3072). Note that Dox

treatment was always initiated ex vivo at the start of the culture.

The cell culture medium was refreshed every second day.

RNA immunoprecipitation sequencing

Cells from day 5 bone marrow cultures from tet-LIN28B or

littermate control mice were used for lysis and RIP using Magna

RIP RNA-Binding Protein Immunoprecipitation kit (Millipore,

cat#17-700) according to the manufacturer’s instructions. Briefly,

10% of the total lysate was kept as input sample. 4 mg of anti-Flag

antibody (Sigma) and 50 ml of A/G beads (Millipore, cat#16-663)

were added to the lysate and incubated for 3 hours. Beads were

washed 6 times with ice-cold RIP wash buffer (Millipore, cat#17-

700). RNA was extracted using RNAzol (Sigma-Aldrich,

cat#R4533) and Direct-zol RNA MicroPrep kit (Zymo Research,

cat#R2060). For RNA quantification and quality control

respectively, Qubit with RNA HS kit (Thermofisher Scientific,

cat# Q32852) and Agilent Bioanalyzer with RNA Pico kit

(Agilent, cat#5067-1513) were used according to the

manufacturer’s instructions. 20ng of total RNA was used for the

cDNA synthesis and amplification with the SMART-Seq v4 Ultra

Low Input RNA Kit for Sequencing (Takara, cat#634889) according

to instructions. Library tagmentation and indexing was performed

using Nextera XT DNA Kit (Illumina, cat#FC-121-1030) and

Nextera XT v2 set A Indexing kit (Illumina, cat#15052163).

Library quantification and library size were measured using Qubit

DNA HS kit (Thermofisher Scientific, cat#Q32851) and

BioAnalyzer DNA HS kit (Agilent, cat#5067-4626). The samples

were run in NextSeq 550 using NextSeq High output 150

cycles 2x76bp.

The sequencing was aligned to mm10 using the STAR aligner

(v2.7.1) and counted using RSEM (v1.28). After mapping, the

RSEM result files were loaded into R and their FPKM values were

used for the analysis. To filter out lowly expressed genes, the initial

data (covering 54,752 genes) was filtered for genes that had at least

50 FPKM value in the input and IP of both tet-Lin28b samples

(1,459 genes), which were then used for all the analysis presented in

Figure 1. The individual sample FPKM values before and after

filtering are included below (Table 1).

Enrichment was calculated as IP over Input FPKM for each of

the two tet-LIN28B samples, individually. 238 transcripts had an

average enrichment of at least 2-fold and were considered for

subsequent analyses. Littermate control sample was not

considered when generating this list. Gene ontology analysis was

done using the Panther database (pantherdb.org, release 17.0).

Comparable results were obtained using the KEGG pathway and

BioPlanet. All the sequencing data is accessible through

GEO, GSE217788.

Poly-A RNA sequencing

B cell precursor subsets were FACS sorted from adult BM of

Dox induced mice of the indicated genotypes. RNA sequencing

libraries were generated as previously described (19) and sequenced

on Illumina NextSeq and NovaSeq. Note that FSC-A low, small Pro-

B cells were excluded from the FACS sorting gate. All data was

processed and analyzed as previously described (19). Data is

accessible through GSE217788 except for Imm-B cells that was

previously generated (19) and is accessible through GSE135603.

GSEA used Wald's stat generated by DESeq2 as a ranking metric.

MSigDB Mouse collections Hallmark_MYC_target_v1.

Metabolic labeling of nascent proteins

Cells were depleted of endogenous methionine by pre-culturing

in methionine free RPMI (Fisher Scientific, cat#A1451701). After 45

minutes, the medium was supplemented with L-azidhomoalanine

(AHA, 1 mM final concentration, Fisher Scientific, cat#C10102) and

labeled for one hour. AHA uptake was visualized using Click-iT Plus

Alexa Fluor 555 Picolyl Azide Toolkit (Fisher Scientific, cat#C10642),

following the manufacturer’s protocol. Briefly, up to 3 x 106 cells were

fixed in 400 μL of 4% formaldehyde (Fischer Scientific, cat#28906) for

20 minutes at room temperature, washed, and then permeabilized in

equal volume of 0.1% saponin (Sigma, cat#S4521) for 20 minutes.

Alexa Fluor 488 Alkyne (Fisher Scientific, cat#A10267) was used in

place of Alexa Fluor 555 for FACS analysis.

EdU labeling for cell cycle analysis

Analysis was performed in accordance with the manufacturer’s

instructions (Invitrogen, cat#C10634). Briefly, single cell suspension

of red blood cell lysed bone marrow cells was plated in complete

RPMI-1640 (Fischer Scientific, cat#21875091) and labeled with

EdU (10 μM) for 30 minutes. Cells were then stained for surface

proteins before fixation and permeabilization. The EdU was Click-

iT ligated to Alexa Fluor 555 and analyzed with DAPI for separation

according to cell cycle phase.

Åkerstrand et al. 10.3389/fimmu.2023.1130930
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FIGURE 1

LIN28B binds to ribosomal protein transcripts in primary B cell precursors. (A) Schematic of experimental setup for the identification of LIN28B-
bound mRNA targets in bone marrow (BM) B cell precursors. Uninduced adult total BM of the indicated genotypes were plated in IL-7 (20 ng/mL)
and Doxycycline (Dox, 0.1 μg/mL) prior to RNA-IP for five days to allow for Pro-B cell expansion. Co-immunoprecipitated mRNA from two tet-
LIN28B and one control mouse were individually subjected to Poly-A RNA-seq. (B) IP/input enrichment ratios from the two tet-LIN28B samples
were plotted against each other showing high correlation between the two biological replicates. LIN28B IP/input enrichment ratio of greater than
two-fold (n=238 transcripts) were used for subsequent analyses. (C) Average enrichment ratio ranking of the two tet-LIN28B samples compared to
control. (D) Top ten gene ontology terms of the 238 enriched transcripts. (E) Graph showing the average enrichment ratio of all ribosomal protein
coding transcripts ranked by IP/Input. (F) Analysis of overlapping genes between the 238 LIN28B enriched transcripts of this study (Åkerstrand et al)
and previously published LIN28B-mRNA RIP-Seq and PAR-CLIP data sets (22, 31). (G) Gene ontology analyses of overlapping interacting transcripts
between the indicated studies.
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Flow cytometry

Bone marrow cells were extracted by crushing bones from hind-

and front limbs, hips, and sternum, using mortar and pestle.

Peritoneal cavity was isolated by flushing adult mice with 8 mL of

FACS buffer (Hank’s Balanced Salt Solution (Gibco, cat#14175-053)

supplemented with 0.5% Bovine Serum Albumin (Sigma,

cat#A9647) and 2 mM EDTA (Invitrogen, cat#15575-038)), or

neonates 1-8 mL depending on the age. Red blood cell lysis was

performed on bone marrow and spleens using ACK lysis buffer

(Fischer Scientific, cat#A1049201), only for mice that were at least

19 days old. Lineage depletion was carried out before cell sorting by

MACS Cell Separation and LS columns (Miltenyi Biotec, cat#130-

042-401) to deplete CD3+, TER119+, or Gr-1+ cells, according to

manufacturer’s instructions.

Antibody staining of surface antigen was performed using

FACS buffer, at a cell density of 1 x 107 cells per 100 μL of FACS

buffer with antibodies, for 30 minutes at 4 °C. Analysis of

intracellular antigens was done by using the same fixation and

permeabilization as was described under “Metabolic labeling of

nascent proteins” or using BD Cytofix/Cytoperm fixation/

permeabilization kit (BD Biosciences, cat#554714). Maximum of

3 x 106 cells per reaction. All flow cytometry experiments were gated

on live CD19+ B cells and the following immunophenotypes: Pro-B

cells (CD93+IGM–cKIT+), Pre-B cells (CD93+IGM–cKIT– and

FSC-A to separate large from small), Imm-B cells (CD93+IGM+),

peritoneal cavity B-1a B cells (CD5+CD23–B220low and CD43+),

and peritoneal cavity B-2 B cells (B220high CD23+ and CD43–). All

flow cytometry experiments were performed at the Lund Stem Cell

Center FACS Core Facility (Lund University, Lund, Sweden) using

BD Fortessa, BD Fortessa X20, BD FACS Aria III, or BD FACS Aria

II instruments. Cell sorting was performed using a 70 μm nozzle,

0.32.0 precision mask, and a flow rate below 6000 events/s. Analysis

was performed using FlowJo version 10. Antibodies are listed in

Supplemental Table S1.

Bone marrow HSPC transplantation

4000 bone marrow Lineage– Sca1+ cKit+ (LSK) donor cells

(CD45.1) from day 10 neonatal Rpl24WT/Bst or WT mice were

FACS sorted and mixed at a 1:2 ratio with 8000 sorted CD45.1

competitor LSK cells and 200,000 CD45.1 total BM support cells. Cells

were transplanted into lethally irradiated (2 × 450 cGy) and CD45.1+

CD45.2+ double positive adult recipients by tail vein injection.

Endpoint analysis was performed 13–14 weeks after transplantation.

Western blot

Sorted B cells were lysed in RIPA buffer (CST, cat#9806S),

protease inhibitor (Roche, cat#4693132001), and PMSF (CST,

cat#8553S). Loading samples were prepared with Laemmli buffer

(Bio-Rad, cat#1610747) with b-mercaptoethanol (Bio-Rad,

cat#1610710). Proteins were separated by SDS–polyacrylamide gel

electrophoresis (Any kD Mini-Protean TGX gel, Bio-Rad,

cat#4568125) and transferred to a nitrocellulose membrane

(Trans-Blot Turbo Mini Nitrocellulose Transfer Packs, Bio-Rad,

cat#1704158). Membranes were blocked for 1 hour at RT in 5%

skimmed milk. Antibodies are listed in Supplemental Table S1. The

ECL Select kit (GE Healthcare, cat#RPN2235) was used to detect

protein bands with a ChemiDoc XRS+ system (Bio-Rad). Band

intensity was quantified by Image Lab Software v6.1(BioRad). Each

lane was automatically detected with manual adjustments to

subtract the background and each band was individually selected

followed by quantification of peak area of obtained histograms.

For RIPseq, 10% of the each indicated protein extract was

collected to validate the immunoprecipitation efficiency. Proteins

were separated by SDS–polyacrylamide gel electrophoresis (12%

Mini-Protean TGX gel, Bio-Rad, cat#4561043) and transferred to a

nitrocellulose membrane (Trans-Blot Turbo Mini Nitrocellulose

Transfer Packs, Bio-Rad, cat#1704158). Membranes were blocked

for 1 hour at RT in 5% skimmed milk. Antibodies are listed in

Supplemental Table S1.

qRT-PCR

50.000 sorted cells were lysed in RNAzol (Sigma-Aldrich,

cat#R4533) and total RNA was extracted using Direct-zol RNA

MicroPrep kit (Zymo Research, cat#R2060) according to the

manufacturer’s instructions. Total RNA (8 ml) was used in

random primed cDNA synthesis with TaqMan Reverse

Transcription Reagents (Applied Biosystem, cat#N8080234).

Diluted cDNA 1:2 (4 ml) was used in every qPCR reaction using

KAPA probe Fast qPCR kit (Kapa Biosystem, cat#KK4706) with

primers target ing 45S (Thermofisher Scient ific , cat#

Mm03985792_s1) and 18S (Thermofisher Scientific, cat#

4333760T) rRNA transcripts. The relative expression levels of

rRNA were evaluated using log2 (2DCt) calculation.

Statistical analysis

All statistical analysis was carried out in R (version 4.1.2) and

RStudio (version 1.4.1717), using functions from the following

packages: tidyverse (version 1.3.1), DESeq2 (version 1.32.0),

TABLE 1 RIP-seq sample FPKM values.

Sample Initial reads (FPKM) Filtered reads (FPKM)

#1 tet-Lin28b
input: 1,320,000 1,090,000

#1 tet-Lin28b IP: 1,260,000 1,080,000

#2 tet-Lin28b
input: 1,360,000 1,140,000

#2 tet-Lin28b IP: 1,230,000 1,040,000

Ctrl input: 1,380,000 1,140,000

Ctrl IP: 1,140,000 912,000

Sum: 7,690,000 6,402,000
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rstatix (version 0.7.0), fgsea (version 1.18.0), and ggpubr (version

0.4.0). Statistics for bulk RNA-seq was generated using the DESeq2

package without custom settings. Data from non-sequencing

methods were imported into R and statistics calculated using

Wilcox or T-test, as indicated by the figure legends. Asterisks

indicate the P-value, *<0.05, **<0.01, ***<0.001, ****<0.0001.

Results

The LIN28B mRNA interactome in primary
B cell precursors is enriched for ribosomal
protein transcripts

Using an inducible tet-LIN28B mouse model expressing Flag-

tagged human Lin28b cDNA upon doxycycline (Dox) induction

(Col1atetO-LIN28B Rosa26rtTA*m2) (33), we and others have previously

demonstrated that LIN28B expression is sufficient to re-initiate

fetal-like hematopoietic output in adult life (14, 19, 36, 37). To

better understand the underlying mechanism, we performed

immunoprecipitation of its mRNA interactome in developing B

cells. To obtain sufficient cell numbers for interactome profiling,

adult B cell precursors from uninduced tet-LIN28B and control

mice were expanded for 5 days by culturing whole bone marrow

cells in the presence of IL-7 and supplemented with Dox ex vivo to

induce LIN28B expression. After five days with IL-7, the cultures

reached above 80% B cell purity (Supplemental Figure 1A). Cells

we r e ha r v e s t ed and sub j e c t ed to an t i -FLAG RNA

immunoprecipitation (IP) coupled with poly-A selected RNA-

sequencing (RIP-seq) (Figure 1A). Immunoprecipitation efficiency

of LIN28B was validated by western blot analysis (Supplemental

Figure 1B). Total RNA sequencing of corresponding input samples

was used for calculating RIP-seq enrichment. LIN28B RIP/input

ratio of the technical replicates showed a high degree of correlation

(R=0.93, p < 2.2e-16) (Figure 1B) and were averaged for

downstream analyses. 238 transcripts displayed a higher than

two-fold RIP/input enrichment in tet-LIN28B samples but

showed no trend in the control (Supplemental Table S2;

Figure 1C). Gene ontology (GO) analysis revealed a prominent

enrichment for ribosomal protein coding transcripts (Figures 1D,

E), suggesting that ribosomal function might be a core target

pathway of LIN28B during B cell development. Interestingly,

similar observations were previously made in other cell types,

including 293T cells (22) and BE (2)-C neuroblastoma cells (31).

Indeed, cross comparison of our identified targets with these studies

yielded cytoplasmatic translation as the predominant overlapping

GO term (Figures 1F, G). Our analysis also identified other GO

terms involved in RNA splicing and oxidative phosphorylation,

consistent with previous LIN28A/B interactome studies in various

cell types (23, 38). We conclude that the direct LIN28B mRNA

regulon in the context of primary bone marrow B cell progenitor

cells is dominated by transcripts implicated in universal

biosynthetic pathways, which are shared across a wide range of

cell types. In particular, our findings implicate the ribosome as a

potential target for LIN28B regulation in B cell progenitors.

LIN28B enhances protein synthesis in
the small Pre-B and Imm-B stages of
B cell development

LIN28B bound mRNA targets have been linked to both

translational increase and decrease in a context dependent

manner (22–24, 27, 31, 39). In the case of ribosomal protein

transcripts, enhanced protein translation was shown by SILAC

(stable isotope labeling using amino acid in cell culture)

metabolic labeling (22) as well as polysome profiling (31). To

assess ribosomal protein levels during B cell development, we

performed western blot analysis on sorted B cell precursors from

tet-LIN28B and control mice following 10 days of Dox induction in

vivo (Supplemental Figure 2A). We selected RPL36, RPL23 and

RPS9 from the RIP-seq enriched transcript list and found increased

protein expression upon LIN28B induction in the Pro-B and large

Pre-B subsets (Figures 2A, B). Differences were less apparent for the

small Pre-B and Imm-B subsets (Supplemental Figure 2B), which

have lower cellular protein content. Overall, these results are

consistent with enhanced translation of LIN28B bound ribosomal

protein encoding transcripts.

Given this increase in ribosomal proteins, we expected a

corresponding increase in overall ribosomal content upon tet-

LIN28B induction. To this end, we measured the 18S rRNAs by

qRT-PCR of FACS sorted B cell precursors. To our surprise, Pro

and large-Pre-B cells did not exhibit any LIN28B dependent

increase in 18S levels. Instead, ribosomal content first began to

increase in a LIN28B dependent manner in the quiescent small Pre-

B cell stage and reached statistical significance in Imm-B cells

(Figure 2C). Additional analysis of the 45S precursor rRNA

showed the same trend (Figure 2D). Thus, an increase in

ribosome biogenesis takes place subsequent to the observed

increase in ribosomal protein expression during LIN28B induced

B cell development. To evaluate whether this observation correlated

with changes in global protein synthesis rates, we measured newly

synthesized proteins in freshly isolated B cell precursors using

metabo l i c l abe l l ing wi th the meth ion ine ana log L-

azidohomoalanine (AHA) (40). As expected, FACS readout of

AHA uptake from Dox induced control and tet-LIN28B mice

showed highly dynamic protein synthesis levels during B cell

development that peaks in the large Pre-B cell subset (Figure 2E).

Pro-B cells exhibited a bimodal profile with respect to protein

synthesis that correlated with cell size (AHAhigh or AHAlow,

Supplemental Figure 2C). Although there was a tendency towards

an increased frequency of AHAhigh Pro-B cell in tet-LIN28B

induced mice, the changes were not statistically significant

(Figures 2F, G; Supplemental Figures 2C, D). tet-LIN28B

induction increased global protein synthesis was first observed as

cells transitioned from the large to the small Pre-B stage and peaked

in the Imm-B cell stage (Figures 2F, G), mirroring the observed

effects on ribosome biogenesis. This was accompanied by increased

cell size as measured by FACS (FSC-A) (Figure 2H), and a moderate

increase in the fraction of proliferating cells within the Imm-B

subset (Supplemental Figure 2E). These findings are consistent

with elevated protein synthesis boosting biomass accumulation
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and cell cycle entry following the pre-BCR checkpoint.

Interestingly, analysis of mature B cells showed that protein

synthesis in peritoneal cavity B-1 and B-2 cells were not affected

by ectopic LIN28B (Figure 2I). Taken together, we conclude

that LIN28B enhances ribosome content and global protein

synthesis levels specifically during the later stages of bone marrow

B cell development.

Lin28B augments protein synthesis during
IL-7 independent B cell maturation

We sought to understand the stage dependent effects of LIN28B

expression on protein synthesis by considering the signals that

control dynamic changes in cellular metabolism and biosynthesis

during B cell development. We have previously shown that Lin28B

A
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FIGURE 2

LIN28B enhances protein synthesis in small Pre-B and Imm-B cells (A) Representative western blot analysis for the indicated ribosomal proteins
from 50,000 FACS sorted Pro-B and large Pre-B cells from adult tet-LIN28B or littermate control mice following 10 days of in vivo Dox induction.
(B) Quantification of western blot data from 2-5 biological replicates and three separate experiments (See materials and methods). (C, D) qRT-PCR for
18S rRNA or 45S pre-rRNA from 50,000 FACS sorted adult B cell progenitors. Expression values were normalized relative to the littermate control
Imm-B cells. Large and small Pre-B cells are indicated as Lg and Sm respectively. (E) Representative FACS histogram overlays of L-Azidohomoalanine
(AHA) uptake, corresponding to their protein synthesis rates, in the indicated subsets from adult mice. (F, G) AHA median fluorescence intensity (MFI)
for indicated BM B cell precursor stage as shown in (E). (F) Data is presented as relative values to one control small Pre-B cell subset for each
experiment. (G) Data is normalized per cell type to one control sample for each experiment. (H) Measurement of FSC-A MFI. Data is normalized per
cell type to one control sample for each experiment. (I) AHA MFI for the indicated, peritoneal cavity (PerC) B cell subsets, plotted relative to control
B-2 values. Wilcox test was used to calculate p-values B–D, F, I. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Bars show mean, error bars show
standard deviation.

Åkerstrand et al. 10.3389/fimmu.2023.1130930

Frontiers in Immunology frontiersin.org07



enhances the output of CD5+ Imm-B cells, and that CD5 levels

correspond to BCR self-reactivity (19). To assess whether enhanced

protein synthesis in Imm-B cells is linked to higher signaling levels

through the newly selected BCR we compared CD5 expression with

AHA uptake by tet-LIN28B induced Imm-B cells. Indeed, we

observed a positive correlation between the two readouts

suggesting that enhanced protein synthesis is dictated by BCR

signaling strength (Figures 3A, B). To strengthen this

interpretation, we confirmed that CD5+ Imm-B cells correspond

to those with the highest level of Nur77-GFP reporter expression

(Figures 3C, D; Supplemental Figure 3), a well-established

measurement of antigen receptor stimulation in mice (41, 42).

Interestingly, the percentage of CD5+ Nur77-GFP+ cells was

already enhanced in tet-LIN28B induced small Pre-B cells where

a ~10% increase in protein synthesis was observed (Figure 2F),

although the overall MFI was much lower compared to the Imm-B

cells. Taken together, our data show that LIN28B induced protein

synthesis precedes the positive selection of CD5+ Imm-B cells and

is in line with its permissive effect on the developmental progression

from the Pre-B cell stage onwards.

The lack of LIN28B induced effects on protein synthesis in

Pro-B cells was puzzling given the Lin28b dependent increase

in ribosomal protein expression at this stage (Figure 2A).

Considering that both IL-7 and LIN28B can act through elevating

c-MYC expression, and that the c-MYC transcriptional program is

a critical driver of cellular protein synthesis (2, 43), we hypothesized

that potent IL-7 signaling might mask any LIN28B mediated effects

on the c-MYC/protein synthesis axis in Pro-B cells. To test this, we

assessed LIN28B induced protein synthesis in Pro-B cells following

IL-7 withdrawal ex vivo. B cell precursors were expanded from

control and tet-LIN28B adult bone marrow under saturating IL-7

conditions for five days, before culturing under limiting doses of IL-

7 (Figure 3E) as previously described (3). Two days following IL-7

withdrawal, cells were harvested and FACS analyzed for LIN28B-

dependent effects on c-MYC expression and global protein

synthesis. Interestingly, although overall c-MYC and protein

synthesis levels of Pro-B cells decreased upon IL-7 withdrawal,

the decrease was partially alleviated by tet-LIN28B induction

(Figure 3F left). A similar trend was observed for protein

synthesis (Figure 3F right) at limiting IL-7 concentrations. Thus,

LIN28B has the capacity to enhance the c-MYC/protein synthesis

axis in Pro-B cells, but only under limiting IL-7 availability. Taken

together, our results provide a likely explanation to the stage

dependent effects of LIN28B expression on protein synthesis

during B cell development (Figure 3G). In Imm-B cells, enhanced

protein synthesis is linked to the increased signaling strength of

BCR specificities licensed by LIN28B expression. Prior to the Imm-

B cell stage, effects on protein synthesis is dictated by IL-7

responsiveness. During the Pro-B cell stage, potent IL-7 mediated

protein synthesis masks the milder effects by LIN28B which become

apparent upon entry into the small Pre-B cell stage whereby IL-7Ra

expression is fully silenced. This scenario is supported by RNAseq

data from sorted B cell precursor subsets from tet-LIN28B and

control adult bone marrow, which showed a LIN28B induced

increase in c-MYC target genes specifically upon entry into the

small Pre-B cell stage (Figure 3H). Taken together, our results

suggest a critical role for LIN28B in the small Pre-B cell stage as cells

loose IL-7 responsiveness and point toward a key role for c-MYC in

LIN28B induced protein synthesis.

Elevated protein synthesis is a hallmark of
neonatal B cell development

Endogenous LIN28B expression is developmentally restricted.

FACS analysis of LIN28B-eGFP reporter mice (34) captured its

window of expression as eGFP gradually diminished to background

levels after postnatal day 10 in B cell precursors and postnatal day

19 in hematopoietic stem and progenitor cells (HSPCs) (Figure 4A).

This time-window correlates with the output of B-1a cells which

ceases between day 10 and day 19 during unperturbed

hematopoiesis (44). During the same window, protein synthesis

in neonatal bone marrow small Pre-B and Imm-B cells was elevated

compared to the adult (Figure 4B). This was dependent on

endogenous Lin28b, as 3-day-old KO neonates had a significantly

lower rate of protein synthesis and decreased cell size during the

small Pre-B and Imm-B cell stages (Figures 4C, D). These defects

were primarily qualitative and not accompanied by changes in

subset frequency (Figure 4E). We conclude that Lin28b dependent

increases in protein synthesis during the small Pre-B and Imm-B

cell stages represent a hallmark of early life B cell development.

Neonatal B cell development relies on a
heightened level of protein synthesis

To investigate the importance of elevated protein synthesis for

neonatal B cell development, we took advantage of the ribosomal

protein hypomorphic Rpl24WT/Bst mouse model. This model carries

a mutation that disrupts Rpl24 mRNA splicing and protein

expression (45). The resulting defect in ribosome biogenesis

causes a moderate reduction in overall cellular protein synthesis

which has no apparent impact on normal adult B cell development

(40), but can diminish Em-MYC driven B lymphomagenesis known

to be ‘addicted’ to heightened ribosomal function (46). Neonatal B

cell development has not previously been examined in Rpl24WT/Bst

mice. Given our findings of higher protein synthesis rates, we

hypothesized that neonatal B cell development would be more

sensitive to constraints in protein synthesis capacity (Figure 5A).

Indeed, analysis of Rpl24WT/Bst bone marrow revealed a decrease in

the overall CD19+ B cell frequency on postnatal day 3 and day 10

that was resolved by day 19 (Figure 5B). This translated into a

concomitant decrease in the frequency of B cell precursor subsets in

the bone marrow of Rpl24WT/Bst neonates (Figure 5C) and a time-

limited decrease in the frequency of mature B cells in both the

spleen (Figure 5D) and the peritoneal cavity of neonatal mice

(Figure 5E). Thus, neonatal B cell development is more sensitive

to constrained protein synthesis with signs of ribosome ‘addiction’.

To verify that these effects are cell intrinsic during B cell

development, we performed competitive transplantations of

neonatal Rpl24WT/Bst or littermate bone marrow HSPCs into

lethally irradiated congenic recipients (Figure 5F). Analysis of
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FIGURE 3

Interrogating the stage dependent effects of LIN28B on protein synthesis during B cell development (A) (Left) Representative FACS plots showing
CD5 expression in adult Imm-B cells from the indicated genotypes and (right) corresponding AHA uptake of the indicated subsets. (B) AHA MFI
within individual CD5 slices, after normalization to AHA MFI in littermate control Imm-B cells. Wilcox test was used to calculate p-values in
(B) **p<0.01. Bars show mean ± standard deviation. (C) Representative FACS plot showing CD5 surface expression against Nur77-GFP levels for
adult small Pre-B and Imm-B cells of the indicated genotypes. (D) Quantification of CD5+Nur77-GFP+ cells, as shown in (C) Data from four mice
per genotype and two separate experiments. (E) Experimental setup for measuring the impact of IL-7 availability on sensitivity to LIN28B mediated
effects on Pro-B cells. Following 5 days of expanding adult B cell precursors in 20 ng/mL IL-7, the cultures were split into conditions with decreasing
concentrations of IL-7. Two days later, the cultures were analyzed by FACS for intracellular c-MYC and AHA uptake. (F) Representative FACS
histograms for the indicated IL-7 conditions show intracellular staining for c-MYC (left) and AHA uptake (right) in Pro-B cells. (G) Schematic
illustration of the proposed LIN28B mode of action on protein synthesis during B cell development. (H) Gene set enrichment analysis (GSEA) of
differentially expressed genes between tet-LIN28B induced and control B cell precursor subsets as identified by RNAseq (See methods). Vertical line
indicates Zero cross point. Enrichment for c-MYC target signature version 1 (Hallmark catalog, molecular signature database) is shown. Wilcox test
was used to calculate p-values in (B, D) *p<0.05. Bars show mean standard deviation.
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donor versus competitor reconstitution of recipient PerC B cells at

14 weeks post-transplantation showed a selective decrease in B-1a

cells from Rpl24WT/Bst donors. In contrast, contribution to the B-2

compartment, which relies on continuous HSPC dependent influx,

was comparable between the Rpl24WT/Bst and wildtype donor

HSPCs (Figure 5G). Taken together, these findings demonstrate

that neonatal B cell output is selectively sensitive to reduced protein

synthesis in a cell intrinsic manner.

The B-1a cell subset is enriched for the VH11 and VH12

encoded reactivity against the self-membrane component

phosphatidyl choline (PtC) known to originate early in life. To

investigate the qualitative impact of constrained protein synthesis

on B-1a cell composition, we analyzed the frequency and absolute

number of PtC reactive B-1a cells in 19-day-old Rpl24WT/Bst mice

using fluorescently labelled PtC liposomes. This timepoint was

selected to minimize influence by peripheral homeostatic

expansion (47). Indeed, FACS analysis revealed a dramatic

decrease in the frequency and absolute number of PtC reactive B

cells in the peritoneal cavity of Rpl24WT/Bst neonates (Figures 5H–J).

We therefore conclude that elevated protein synthesis is a central

distinguishing parameter of neonatal B lymphopoiesis that

potentiates the output of CD5+ B-1a cells carrying self-

reactive BCRs.

Discussion

In this study, we identified a role for cellular protein synthesis in

regulating the unique aspects of early-life B cell development

including the time restricted output of self-reactive B-1a cells.

Elevated protein synthesis was a defining feature of neonatal B

cell development that was mediated at least in part by the

endogenous expression of the heterochronic RNA-binding

protein LIN28B. As the expression of LIN28B naturally waned

during the first weeks of life, protein synthesis became reduced, and

ectopic LIN28B expression in the adult was sufficient to recapitulate
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FIGURE 4

Elevated protein synthesis during neonatal B cell development is dependent on LIN28B. (A) Analysis of BM hematopoietic stem cells (HSCs: Lineage–,
Sca1+, cKit+, CD150+, CD48–, FLT3+) and B cell precursors from Lin28b-eGFP mice at the indicated ages. The average frequency and standard
deviation of Lin28b-eGFP positive cells is shown for each time point. (B) AHA MFI from Lin28b-WT neonates at the indicated ages are plotted relative
to the uptake in WT adult control mice for each subset. (C) AHA MFI in 3-day-old neonates of the indicated genotypes. Values are normalized within
each experiment to one Lin28b KO neonate per cell type. (D) Same as in C but normalized to one Lin28b KO small Pre-B cell sample within each
experiment. (E) Frequency of BM B cell precursors in 3-day-old neonates. T-test was used to calculate p-values in B, Wilcox test was used to
calculate p-values in C-E. **p<0.001, *p<0.05. Bars show mean standard deviation.
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FIGURE 5

Neonatal B cell development relies on enhanced protein synthesis (A) Rpl24wt/Bst and wildtype littermates were analyzed by FACS at different ages
for phenotypic differences during BM B cell development. (B) Frequency of CD19+ B cells out of total BM cells at the indicated ages. (C) BM B cell
precursor subset frequencies at the indicated ages presented as percent of total BM cells. (D) Frequency of splenic CD19+ B cells out of total
splenocytes at the indicated ages. (E) Mature PerC B-1a and B-2 cell frequencies out of total PerC cells at the indicated ages. (F) Experimental
overview for assessment of cell intrinsic defect of the Rpl24wt/Bst mutation. Lineage–, Sca1+, cKit+ (LSK) hematopoietic stem and progenitor cells
(HSPCs) from 10-day-old donor and competitor mice of the indicated genotypes were sorted and transplanted into lethally irradiated recipients.
13-14 weeks later, the steady state donor and competitor derived mature PerC B cells were analyzed to assess B-1a and B-2 cell output. (G) CD19+
PerC B cells of the indicated subsets were compared for donor versus competitor contribution. The expected frequency based on donor:
competitor ratio is indicated by the dashed line. (H) Representative FACS plots showing the frequency of CD5+ PtC-liposome reactive B cells in
19-day old littermates. (I) CD5+PtC+ frequency out of PerC CD19+ B cells in 19-day-old mice. (J) Absolute number of CD5+PtC+ B cells in PerC
in 19-day-old mice. Wilcox test was used to calculate p-values. *p<0.05, **p<0.01. Bars show mean ± standard deviation.
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elevated protein synthesis small Pre- and Imm-B cells. Consistent

with previous reports in other cell types, we showed that LIN28B

directly bound to ribosomal protein transcripts in primary B cell

precursors, correlating with their enhanced protein expression.

Furthermore, an increase in ribosomal biogenesis and protein

synthesis coincided with LIN28B induced c-MYC expression in

the quiescent small Pre- and Imm-B cell stages. Finally, using

Rpl24WT/Bst mice as a model for constrained protein synthesis

capacity, we showed that neonatal B cell development relied on

heightened protein synthesis levels – a hallmark of elevated c-MYC

activity. The precise extent and mechanism by which LIN28B

cooperates with c-MYC to promote cellular protein synthesis was

not disentangled in this study. One likely possibility is that LIN28B

may post-transcriptionally act on a c-MYC induced transcriptome

to facilitate downstream translation, biomass accumulation and B

cell developmental progression.

Protein synthesis is the most energy consuming biosynthetic

process in the cell and subject to the constraints imposed by

hundreds of components required for ribosome assembly (48).

Indeed, protein synthesis rates give an accurate account of the

overall cellular metabolism (49). And yet, its ability to control the

development and function of immune cells that require rapid

expansion and contraction of cellular growth has been an under-

explored subject of investigation. Our results using AHA metabolic

labelling to measure protein synthesis confirmed dynamic changes

in cellular metabolism that underly proliferative bursts following

successful BCR checkpoints (1). Importantly, we demonstrated the

ability of LIN28B to partially alleviate the biggest drop in protein

synthesis upon entry into the small Pre-B cell stage. The restricted

metabolism of small Pre-B cells was previously implicated as a

mechanism to safeguard the central tolerance checkpoint through

enforcing nutrient stress and negative selection upon strong BCR

engagement (5). This notion is highly compatible with our

observation that LIN28B promoted protein synthesis to augment

the output of self-reactive CD5+ B-1 cells early in life. The latter is a

hallmark of early life B lymphopoiesis and offers an attractive

explanation to the long-known prevalence of self-reactive

specificities in neonatal mice and men (7, 50). Our previous

findings made clear that LIN28B supports enhanced BCR

signaling strength in the Imm-B cell stage (19). Here we report

that elevated CD5 and Nur77 expression is visible already in the

small pre-B cell stage upon tet-LIN28B induction, suggesting that

pre-BCR signaling strength may also be influenced by LIN28B.

Consistent with this notion, elevated protein synthesis and cell size

is noticeable already in tet-LIN28B large Pre-B cells. Taken

together, we propose that the relatively mild increase in protein

synthesis mediated by LIN28B provides sufficient relaxation of the

metabolic constraints during B cell maturation to qualitatively alter

the BCR repertoire output.

In Pro-B cells, IL-7 signaling and downstream mTORC1

activation is the principal driver of c-MYC expression and acts to

promote biomass accumulation and proliferation (2). In this study,

we showed that both IL-7 signaling and LIN28B expression act on

the c-MYC/protein synthesis axis to promote developmental

progression during B cell development and that the powerful

effects of IL-7 rendered LIN28B function redundant in Pro-B

cells. This finding is relevant in the context of understanding the

ontogenic differences in IL-7 dependency during B lymphopoiesis.

It well-established that the strict requirement for IL-7 mediated

signaling, which is characteristic of adult murine B lymphopoiesis,

does not apply during fetal and neonatal life (6). We have previously

demonstrated that LIN28B over-expression during adult

hematopoiesis is sufficient to phenocopy fetal-like behavior by

circumventing strict IL-7 dependency (13). Here, our findings

that LIN28B partially cushions the impact of IL-7 withdrawal

through promoting the shared downstream c-MYC/protein

synthesis axis may offer an explanation to the lessened reliance

on IL-7 during early life B lymphopoiesis (6).

The RIP-seq experiment presented in this study led us to

identify changes in protein synthesis levels as a distinguishing

parameter between neonatal and adult B cell development.

However, the experiment has several limitations. First, the

LIN28B interactome in IL-7 expanded bone marrow Pro-B cell

cultures may not exactly reflect that in primary small Pre-B cells.

Unfortunately, the amount of material needed for RIPseq is not

feasible to obtain from quiescent small Pre-B cells, and data

extrapolation should be made with caution. Second, the low

number of biological replicates of this experiment prevents

statistical analysis and limits the number of enriched transcripts

identified. Nevertheless, since our data did detect the same top gene

ontology terms as previous datasets from other tissues, they serve as

confirmatory evidence in the context of B cell precursors. A recent

LIN28B interactome study in hematopoietic progenitors expressing

the oncogenic fusion protein MLL-ENL identified both Rps9 and

Rpl23 transcripts as direct targets of LIN28B, offering further

support to our findings in the hematopoietic system (39). Despite

these limitations, our approach resulted in the identification of a

relevant regulatory axis for early-life B lymphopoiesis. In the

context of neonatal immunity, we and others have previously

demonstrated that neonatal antigen exposure produces unique B

cell memory clones not generated by adult mice immunized with

the same antigen (44, 51). Our current findings that enhanced

protein synthesis quantitatively and qualitatively alters neonatal B

cell output implicates ribosomal control in the formation of a

unique pre-immune repertoire in neonatal mice and has

important implications for the layered formation of a complex

adaptive immune system (52–54).
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Abstract 24 
LIN28B is a key regulator of glucose metabolism and naturally expressed by B cell progenitors 25 
during early life. During this period, B cell development is characterized by an increase in Pro-26 
B cells and the production of CD5+ (B-1a) B cells, both of which can be re-introduced in adult 27 
mice through ectopic LIN28B re-expression. However, although it is well known that Lin28b 28 
regulates glucose metabolism in various cell types, any elevation in B cell progenitor glucose 29 
metabolism and its importance for early-life B cell development remains unknown. In this 30 
study, we provide initial insights into an increased glucose uptake by early-life B cell 31 
progenitors that is dependent on Lin28b expression. Ex vivo experiments find that LIN28B-32 
mediated expansion of Pro-B cells is correlated with glucose availability, but no impact was 33 
observed for the output of CD5+ Imm-B cells, which are the putative B-1a progenitors. We also 34 
find that the additional glucose does not yield an increase in ATP and further work is needed 35 
to determine its metabolism.  36 
 37 
Introduction 38 
B cell development revolves around the stringent control of the B cell receptor (BCR) 39 
recombination to create a diverse repertoire for immunological protection while avoiding clones 40 
with harmful self-reactivity. Still, a certain degree of self-reactive immunoglobulin (Ig) is readily 41 
detected in the serum from both healthy human and mice (1), with several specificities being 42 
enriched in the murine B-1a subset. Since B-1a cells are primarily generated early in life, there 43 
must be underlying exemptions from the strict censoring of the self-reactive BCR during this time. 44 
However, although the tolerance mechanisms for BCR selection in adult mice has been 45 
extensively studied (2), much work remains to understand the early-life counterpart and its role 46 
in B-1a development.  47 
 48 
The RNA-binding protein LIN28B is expressed by B cell progenitors in early life but not adulthood 49 
and re-introduces B-1a output in adult mice upon its ectopic expression (3). The B-1a output can 50 
be discerned already at the bone marrow Imm-B cell stage by the surface expression of CD5 on 51 
a subset of Imm-B cells that give rise to B-1a cells when transferred into recipient animals (4). 52 
Additionally, ectopic LIN28B enables the development of self-reactive Imm-B cells in the Ig HEL-53 
mice (5). Thus, Lin28b controls the positive selection of self-reactive Imm-B cells. Initial 54 
investigation into the underlying mechanism(s) identified the transcription factor Arid3a (6), 55 
increased CD19/PI3K/c-MYC signaling pathway activity (4), and heightened rates of protein 56 
synthesis (Åkerstrand et al 2023). Additionally, Lin28b is also a key regulator of glucose 57 
metabolism in various cell types outside of the B cell development (7). Interestingly, it was 58 
recently hypothesized how low glucose metabolism in B cell progenitors leads to chronic energy 59 
starvation and a catastrophic mismatch between energy supply and demand in clones expressing 60 
a self-reactive BCR (8). However, any early-life increase in glucose metabolism that depends on 61 
Lin28b and its role in the output of self-reactive Imm-B cells needs to be experimentally tested. 62 
 63 
In this study, we find that Lin28b does indeed increase the glucose uptake into B cell progenitors. 64 
To investigate its importance, we turned to ex vivo cultured B cell progenitors that faithfully 65 
recapitulates in vivo Lin28b phenotypes with increased Pro-B cells and a remarkably efficient 66 
output of CD5+ Imm-B cells. By following the progenitors over culture days, we find that LIN28B 67 



increased glucose uptake synchronously throughout the B cell development, which argues for a 68 
common LIN28B mechanism shared between the progenitor stages although it has not been 69 
resolved in this study. Further, by culturing the progenitors under limiting glucose we found that 70 
the Pro-B cell expansion but not CD5+ Imm-B cell output followed the availability of glucose in 71 
the cullture media. Finally, we focused on understanding the underlying glucose metabolism by 72 
investigating ATP generation but found it unchanged up until an increase at the Imm-B cell stage. 73 
Further investigation will be required to fully understand the glucose metabolism and its 74 
implications for early-life B cell development.   75 



Materials and methods 76 

Mice 77 
tet-LIN28B mice were generated by intercrossing Col1atetO-LIN28B (The Jackson Laboratory, 78 
#023911) to Rosa26rtTA*m2 (The Jackson Laboratory, #006965) mice and were originally obtained 79 
from the laboratory of George Daley (Harvard Medical School) (9). Monoallelic transgene 80 
expressing mice were used for experiments. Rosa26rtTA*m2 heterozygous littermates were used 81 
as control mice. For in vivo experiments, Doxycycline (Dox) chow (200 mg/kg, Ssnif, 82 
cat#A112D70203) was fed to tet-LIN28B and littermates for 10 days before analysis. B6.Cg-83 
Lin28btm1.1Gqda/J (Lin28b KO) (The Jackson Laboratory, #023917) and C57BLKS-Rpl24Bst/J (Bst) (The 84 
Jackson Laboratory, #000516) were originally purchased from the Jackson laboratory. Wildtype 85 
mice were originally purchased from Taconic (B6NTAC, Taconic). The Lin28b-eGFP knock-in strain 86 
was generated as previously described (10). Adult mice were used at 10 to 16 weeks of age, 87 
neonates were analyzed at the indicated days post-birth. Male and female mice were used 88 
interchangeably throughout the experiments. Animal husbandry and experimental procedures 89 
were performed in accordance with ethical permits issued by the Swedish Board of Agriculture.  90 
 91 
Bone marrow cultures 92 
Adult bone marrow B cell precursors from untreated adult mice were expanded and enriched ex 93 
vivo, as previously described (11). Briefly, a single cell suspension of red blood cell lysed bone 94 
marrow was plated in pre-warmed RPMI-1640 (Fischer Scientific, cat#21875091) and incubated 95 
for 15 min at 37 oC. The non-adherent cells were isolated and seeded at a cell density of 0.75-1.5 96 
million/mL using fully supplemented RPMI-1640, IL-7 (20 ng/mL, Peprotech, cat#217-17), and 97 
Dox (0.1 μg/ml, Sigma-Aldrich, cat#D3072). For glucose titration, the fully supplemented culture 98 
medium was mixed in similar prepared media but for glucose-depleted RPMI (Gibco, 99 
cat#11879020). Dox treatment for bone marrow cultures was always initiated at the start of the 100 
culture, never in vivo. The cell culture medium was refreshed every second day.  101 
 102 
2-NBDG uptake 103 
2-NBDG (Cayman Chemical, cat#11046) was resuspended at a final concentration of 50 μg/mL in 104 
complete RPMI (see Bone marrow cultures for formulation) diluted 50:50 with glucose-free 105 
RPMI. B cell progenitors were labeled at a cell density of 750,000 cells per mL for three hours at 106 
37 degrees before washed in FACS buffer, surface stained and analyzed on the flow cytometer. 107 
 108 
Flow cytometry 109 
Bone marrow cells were extracted by crushing bones from hind- and front limbs, hips, and 110 
sternum using mortar and pestle. The peritoneal cavity was isolated by flushing adult mice with 111 
8 mL of FACS buffer (Hank’s Balanced Salt Solution (Gibco, cat#14175-053) supplemented with 112 
0.5% Bovine Serum Albumin (Sigma, cat#A9647) and 2 mM EDTA (Invitrogen, cat#15575-038), or 113 
neonates 1-8 mL depending on the age. Red blood cell lysis was performed on bone marrow and 114 
spleens using ACK lysis buffer (Fischer Scientific, cat#A1049201), only for mice that were at least 115 
19 days old. Lineage depletion was carried out before cell sorting by MACS Cell Separation and 116 
LS columns (Miltenyi Biotec, cat#130-042-401) to deplete CD3+, TER119+, or Gr-1+ cells, 117 
according to manufacturer’s instructions. 118 



 119 
Antibody staining of surface antigen was performed using FACS buffer, at a cell density of 1 x 107 120 
cells per 100 μL of FACS buffer with antibodies, for 30 minutes at 4 oC. Analysis of intracellular 121 
antigens was done by using the same fixation and permeabilization as was described under 122 
“Metabolic labeling of nascent proteins”, or using BD Cytofix/Cytoperm fixation/permeabilization 123 
kit (BD Biosciences, cat#554714). Maximum of 3 x 106 cells per reaction. All flow cytometry 124 
experiments were gated on live CD19+ B cells and the following immunophenotypes: Pro-B cells 125 
(CD93+IGM–cKIT+), Pre-B cells (CD93+IGM–cKIT– and FSC-A to separate large from small), Imm-126 
B cells (CD93+IGM+). All flow cytometry experiments were performed at the Lund Stem Cell 127 
Center FACS Core Facility (Lund University, Lund, Sweden) using BD Fortessa, BD Fortessa X20, 128 
BD FACS Aria III, or BD FACS Aria II instruments. Cell sorting was performed using a 70 μm nozzle, 129 
0.32.0 precision mask, and a flow rate below 6000 events/s. Analysis was performed using FlowJo 130 
version 10. Antibodies are listed in Supplemental table S1. 131 
 132 
ATP levels 133 
ATP levels were determined using CellTiter Glo. 2.0 Cell Viability Assay (Promega, cat#G9241) 134 
following the manufacturer’s protocol. Briefly, equal amounts of B cell progenitors (at a minimum 135 
5,000 cells) were FACS sorted, re-suspended in room temperature warm RPMI-1640 (Fischer 136 
Scientific, cat#21875091) and left at bench to equilibrate. After 30 minutes, an equal volume of 137 
Assay reagent (50 μL for 96 well plate analysis) was added and the plate was put on an orbital 138 
shaker for 2 minutes, incubated on bench for 10 minutes, and then analyzed using Promega 139 
GloMax® Discover. The assay reagent was protected from light at all time. 140 
 141 
Seahorse analysis 142 
Extracellular acidification rate was measured using the Agilent Seahorse XF Glycolysis Stress Test 143 
(Agilent Technologies, cat#103020-100). Briefly, B cell progenitors were sorted from ex vivo 144 
cultured bone marrow and 150,000 cells and triplicate technical repeats were analyzed. The 145 
sorted cells were resuspended in pre-warmed (37 degrees) XF Glycolysis Stress Test medium 146 
(prepared according to kit) that had been supplemented with doxycycline (0.1 μg/mL) and IL-7 147 
(20 ng/mL). Cells were seeded at 150,000 cells per 50 μL of media into plates that had been pre-148 
coated with BD Cell-tak (BD Biosciences, cat#354240), spun down (200G for 1 minute, no 149 
deacceleration), and incubated for 30 minutes at 37 degrees in a non-CO2 incubator. Cartridge 150 
was prepared with glucose (25 mM final, Sigma, cat#G6152), Oligomycin (4 μM final, Sigma, 151 
cat#O4876), and 2-DG (50 mM final, Sigma, cat#D6134). Cartridge was incubated for 20 minutes 152 
at 37 degrees in a non-CO2 incubator. Cartridge was then added warm assay medium (130 μL) 153 
along the side of each well and kept in the non-CO2 incubator until the run (but not more than 154 
30 minutes). 155 
 156 
EdU labeling for cell cycle analysis 157 
Analysis was performed in accordance with the manufacturer’s instructions (Invitrogen, 158 
cat#C10634). Briefly, single cell suspension of IL-7 cultured B cell progenitors was plated in 159 
complete RPMI-1640 (Fischer Scientific, cat#21875091) and labeled with EdU (10 μM) for 30 160 
minutes. Cells were then stained for surface proteins before fixation and permeabilization. The 161 



EdU was Click-iT ligated to Alexa Fluor 555 and analyzed with DAPI for separation according to 162 
cell cycle phase. 163 
 164 
Statistical analysis 165 
All statistical analysis was carried out in R (version 4.1.2) and RStudio (version 1.4.1717), using 166 
functions from the following packages: tidyverse (version 1.3.1), DESeq2 (version 1.32.0), rstatix 167 
(version 0.7.0), and ggpubr (version 0.4.0). Bar graphs show the mean with standard deviation. 168 
Line graphs show the mean with standard deviation. Statistical tests used are noted in the figure 169 
legends.  170 



Results 171 
 172 
A Lin28b-dependent elevation in glucose uptake across all stages of B cell development  173 
We recently reported on increased protein synthesis and biomass accumulation in small Pre-B 174 
and Imm-B cells by LIN28B, with a particularly strong increase in the positively selected CD5+ 175 
Imm-B cells (Åkerstrand et al 2023). Here, we considered glucose metabolism as an additional 176 
LIN28B-mechanism to support the biomass accumulation in the B cell progenitors for an output 177 
of CD5+ Imm-B cells. To test this, we first quantified glucose uptake by FACS using the fluorescent 178 
glucose analog 2-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-2-deoxyglucose (2-NBDG). We 179 
first measured the effect of endogenous LIN28B in neonatal B cell progenitors using the B6.Cg-180 
Lin28btm1.1Gqda/J mouse model that previously identified the role of Lin28b on glucose metabolism 181 
outside of B cell development (12). As expected, large Pro-B cells had the maximum 2-NBDG 182 
uptake by and the minimum was measured for small Pre-B cells. This fluctuation in 2-NBDG 183 
uptake was observed in both neonates and adults, but neonatal progenitors had consistently 184 
increased 2-NBDG uptake across all progenitor stages. Further analysis of Lin28b knockout 185 
neonates found that the 2-NBDG levels decreased compared to wildtype littermates, in line with 186 
glucose metabolism in neonates being affected by endogenous Lin28b (Figure 1A-B). Next, we 187 
analyzed if ectopic re-expression of LIN28B in adult mice phenocopied the increased glucose 188 
uptake in neonates. To this end, we used the doxycycline inducible tet-Lin28b mouse model 189 
(Col1atetO-LIN28B Rosa26rtTA*m2) that was previously used to study glucose metabolism outside of 190 
the B cell development (9) and is capable of re-introducing B-1a output in adult mice (4). Indeed, 191 
following 10 days of doxycycline induction for ectopic re-expression of LIN28B in the adult B cell 192 
progenitors, 2-NBDG uptake was increased in tet-Lin28b mice relative to littermate controls 193 
(Figure 1C-D). Thus, as for many other cell types (7), LIN28B increases glucose uptake across all 194 
stages of bone marrow B cell development. 195 
 196 
An ex vivo culture system of B cell progenitors recapitulates the in vivo Lin28b phenotypes 197 
The elevated 2-NBDG uptake was in line with a role for augmented glucose metabolism in LIN28B-198 
dependent B lymphopoiesis. However, testing its role in vivo is challenging due to the broad 199 
effects of glucose-starved diets across cell types and tissues. In addition, limited numbers of B 200 
cell progenitors in vivo make it challenging to conduct metabolic assays that require many cells, 201 
such as extracellular flux assays using the Seahorse system. To overcome these limitations, we 202 
turned to ex vivo expansion of bone marrow B cell progenitors under saturating levels of IL-7 (11). 203 
Such cultures greatly expand the available number of B cell progenitors and affords careful 204 
control over the glucose levels in the culture media.  205 
 206 
We first established the suitability of using the cultures by analyzing them for Pro-B cell expansion 207 
and CD5+ Imm-B output, two hallmark features of LIN28B-induced B cell development in vivo (4) 208 
(Åkerstrand et al 2023). To this end, we ex vivo induced bone marrow from untreated mice with 209 
doxycycline (0.1 μg/mL) and expanded them under saturating IL-7 (20 ng/mL) for five days before 210 
phenotypic analysis of the B cell development (Figure 2A). Following five days, the B cells had 211 
become highly enriched in the cultures with overall comparable progenitor frequencies between 212 
tet-Lin28b and littermate controls (Figure 2B). However, as expected, Pro-B cells was always 213 
more frequent in tet-Lin28b cultures (Figure 2C). As in vivo (Åkerstrand et al 2023), no Lin28b-214 



increase in proliferation of Pro-B cells was detected by cell cycle analysis, which indicates an 215 
alternative mechanism for how Lin28b enriches the Pro-B cells (Figure 2D). Since there was 216 
significant variation in total cell numbers across experiments it foregoes the usefulness of pooling 217 
data on total cell numbers (data not shown). Finally, we analyzed the frequency of CD5+ Imm-B 218 
cells, which is the in vivo B-1a progenitor and the result of positive selection by LIN28B (4). 219 
Remarkably, far more CD5+ Imm-B cells were isolated from the ex vivo cultures than in vivo, with 220 
up to 70% of the total Imm-B cells being CD5 positive (Figure 2E-F). In summary, we find that ex 221 
vivo cultures of tet-Lin28b bone marrow B cell progenitors under saturating levels of IL-7 222 
recapitulate in vivo phenotypes and even exceed them when it comes to the output of CD5+ 223 
Imm-B cells. These cultures are therefore suitable for investigating Lin28b-induced B cell 224 
development, including the role of increased glucose uptake.  225 
 226 
LIN28B increases glucose uptake simultaneously across B cell development ex vivo  227 
Having established how the ex vivo culture was a good model system for Lin28b-induced B cell 228 
development, we next asked if it also recapitulated the increase in glucose uptake. To this end, 229 
we measured 2-NBDG uptake by control and tet-Lin28b progenitors on culture day five. Indeed, 230 
all stages of B cell progenitors took up more 2-NBDG in tet-Lin28b cultures and therefore 231 
recapitulated its effect in vivo (Figure 3A-B).  232 
 233 
Next, we considered the importance of an increased glucose uptake for LIN28B induced B cell 234 
development. Since glucose uptake was uniformly increased by LIN28B across all stages, it 235 
precedes the effect on protein synthesis, c-MYC, and BCR signaling in the small Pre-B and Imm-B 236 
cells (4) (Åkerstrand et al 2023). Therefore, we wondered if increased glucose metabolism in Pro-237 
B and large Pre-B cells was a prerequisite for the positive selection of the self-reactive BCR. To 238 
get an insight into this, we analyzed the timing for LIN28B-induced increase of 2-NBDG uptake 239 
into the different B cell progenitors. We reasoned that if 2-NBDG uptake increased first in the 240 
upstream progenitors it would indicate that it is a prerequisite for the output of self-reactive 241 
clones, whereas if it increased synchronously in all progenitors it would argue for a common 242 
Lin28b-dependent mechanism independent from its effect on BCR selection. Following 243 
immediate ex vivo induction of LIN28B upon plating, analysis of Pro-B cells found that the 2-NBDG 244 
uptake increased in tet-Lin28b cultures around culture day 3 and then grew progressively 245 
stronger up until termination on culture day 5 (Figure 3C). The same kinetic of increased 2-NBDG 246 
uptake in tet-Lin28b cultures was also found for the other progenitor stages (Figure 3D). Thus, 247 
we find that LIN28B increases 2-NBDG uptake synchronously across B cell development, likely by 248 
a shared mechanism in all the progenitors.  249 
 250 
Finally, we also tested the role of glucose in Lin28b-induced B cell development by culturing the 251 
progenitors in glucose-starved media. Whole bone marrow from tet-Lin28b or control mice were 252 
plated in normal concentrations of IL-7 and doxycycline but under decreasing glucose 253 
concentration. The cultures were then analyzed for Pro-B cell expansion and CD5+ Imm-B output 254 
at culture day five (Figure 3E). Our analysis found that the availability of glucose impacted on the 255 
Pro-B cell frequencies in the tet-Lin28b cultures (Figure 3F) but without any correlation to the 256 
CD5+ Imm-B output (Figure 3G). Taken together, we find that 2-NBDG uptake ex vivo was 257 
increased synchronously across the progenitor stages around culture day three by LIN28B, which 258 



is in line with a common LIN28B mechanism the B cell progenitor stages. Additionally, titration 259 
of available glucose in cell culture media found a sensitivity for LIN28B-induced Pro-B cell 260 
expansion but not the CD5+ Imm-B output. 261 
 262 
Progenitor stage specific effect on glucose metabolism by LIN28B  263 
Glucose can be metabolized in several ways, including the generation of ATP through aerobic 264 
glycolysis or oxidative phosphorylation, or it can be used for other anabolic pathways such as the 265 
pentose phosphate pathway (13). We focused on the impact of glucose metabolism for the 266 
generation of ATP, as it has been suggested to limit the development of self-reactive clones (8). 267 
To this end, we performed Seahorse analysis on sorted B cell progenitors from day 5 ex vivo 268 
cultures. Surprisingly, and despite the increased 2-NBDG uptake, analysis of aerobic glycolysis 269 
found it decreased in LIN28B Pro-B cells and not statistically significant different in large Pre-B 270 
cells (Figure 4A-B). Analysis of an equal amount of small Pre-B or Imm-B cells did not generate 271 
any signal (data not shown). Thus, extracellular flux assay found no indication that the increased 272 
glucose uptake into LIN28B-expressing Pro-B or large Pre-B cells is used for aerobic glycolysis, 273 
suggesting an alternative metabolism. In line with this, in vivo analysis of ATP levels from sorted 274 
B cell progenitors found no increase in tet-Lin28b mice before the Imm-B cell stage (Figure 4C). 275 
We conclude that although tet-Lin28b B cell progenitors take up more glucose, our investigations 276 
into aerobic glycolysis and ATP levels suggest that such an increased uptake has progenitor stage 277 
specific effects with no increased ATP before the Imm-B stage.   278 



Discussion 279 
The purpose of this study was to investigate on one hand the Lin28b capacity for increased 280 
glucose metabolism and on the other the Lin28b mechanism supporting B-1a output. Our 281 
hypothesis was that Lin28b may depend on augmented glucose metabolism during B 282 
lymphopoiesis to increase its biomass and overcome the central tolerance checkpoint (8). 283 
Indeed, LIN28B elevated 2-NBDG uptake across all stages of bone marrow B cell development in 284 
vivo that was in line with augmented glucose metabolism. As it was synchronously increased 285 
across all stages of development following induction of tet-Lin28b progenitors ex vivo, we believe 286 
that a common mechanism for increased glucose uptake is shared across all progenitors stages. 287 
However, analysis of previously published RNA-seq data (Åkerstrand et al 2023) did not identify 288 
any common transcriptional increase of glucose transporters, signaling pathways, or single genes 289 
that could explain a shared LIN28B mechanism (data not shown) and further work is warranted.  290 
 291 
To understand the importance of glucose metabolism, we turned to ex vivo cultures of adult tet-292 
Lin28b or littermate control bone marrow B cell progenitors. While such an approach 293 
recapitulated the in vivo phenotypes and therefore affords studying the LIN28B mechanisms in B 294 
cell progenitors, it also has its limitations. For example, IL-7 results in blocked B cell development 295 
around the Pro-B and large Pre-B cell stage, which become metabolically hyperactivated by IL-7 296 
and nutrient replete cell culture media (14). Additionally, since complete culture media contains 297 
a super-physiological amount of glucose, its concentration might saturate the smaller CD5+ Imm-298 
B cells even when glucose was titrated down and thereby give the false impression that they are 299 
impervious to the glucose levels in vivo. To this end, the use of chemically defined media that 300 
more accurately resemble the physiological availability of nutrients in vivo will be informative for 301 
studying its impact on CD5+ Imm-B cells. Furthermore, 2-NBDG is an imperfect representation of 302 
glucose uptake (15) and a limitation of the current study. Additional experiments using isotope-303 
labeled glucose to assess both uptake and fueling of various anabolic pathways, including the 304 
pentose phosphate pathway, will be necessary to better understand the role of increased glucose 305 
in Lin28b induced B cell progenitors. 306 
 307 
Strikingly, the tet-Lin28b cultures had high levels of CD5+ Imm-B cells that far exceeded the 308 
normal output in vivo and in line with elevated levels of positive selection ex vivo. While we 309 
cannot rule out a direct LIN28B effect on CD5+ Imm-B cells in culture, they did not proliferate 310 
and are therefore not enriched by expansion at this stage. Instead, we consider two alternative 311 
B cell development-dependent mechanisms that could explain the super-physiological CD5+ 312 
Imm-B frequencies: 1) that B-1a development is favored over B-2 development in culture and/or 313 
2) that a B-1a biased Pro-B cell is favorably enriched in IL-7 cultures and therefore dominates the 314 
output of Imm-B cells. Previous work supports both these ideas and warrant their further 315 
exploration. For example, early-life B-1 development differs from adult B-2 in response to the 316 
pre-BCR checkpoint (16, 17) that censors the output of self-reactive clones (18). Such a difference 317 
might be accentuated under IL-7 culture conditions that enriches for cells around this 318 
developmental stage. Additionally, premature kappa recombination in Pro-B cells has been 319 
reported for B-1a development in the fetal liver (16). If such premature light chain recombination 320 
also happens to a high degree in IL-7 cultured Pro-B cells ex vivo, it could enable them to 321 
overcome the block in B cell development and explain why CD5+ Imm-B dominates the output 322 



(19). It is tempting to speculate that a Pro-B cell dependent mechanism might underlie the CD5+ 323 
Imm-B output, since they are the primarily expanded population in IL-7 cultures and we 324 
previously found that LIN28B expression in Pro-B cells is critical for the B-1a output in vivo (4). 325 
Finally, our lab previously found that B-1a output from adult bone marrow is restricted to a 326 
fraction of the total B cell producing progenitors (20) and perhaps such a B-1a biased progenitor 327 
becomes favorably enriched in these cultures. However, how such a favorable enrichment might 328 
come about is not known. Further work will be necessary to understand the underlying reason 329 
for elevated CD5+ Imm-B cells in culture with important implications for our understanding on B-330 
1a development in vivo and how LIN28B affords it.  331 

332 
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Table S1. Antibodies and reagents used for Flow Cytometry or Western Blot 386 
 387 

Antigen Fluorochrome Clone Manufacturer Reference# 
7-AAD - - BD Bioscience 559925 
B220 APC Cy7 RA3-6B2 BioLegend 103224 
B220 PE CF594 RA3-6B2 BD Biosciences 562313 
CD117 BV421 2B8 BD Biosciences 562609 
CD117 PE 2B8 Invitrogen 12-1171-82 
CD19 APC Cy7 1D3 BD Biosciences 557655 
CD19 BV786 1D3 BD Biosciences 563333 
CD25 PE eFluor610 PC61.5 Invitrogen 61-0251-82 
CD3 PE Cy5 145-2C11 BioLegend 100310 
CD5 BV421 53-3.3 BD Biosciences 562739 
CD5 PE 53-7.3 BioLegend 100608 
CD93 APC AA4.1 BioLegend 136510 
CD93 BV786 AA4.1 BD Biosciences 740941 
c-MYC Unconjugated Y69 Abcam Ab32072 
Gr-1 PE Cy5 RB6-8C5 BioLegend 108410 
IgM FITC 11/41 BD Biosciences 553437 
IgM PE Cy7 RMM-1 BioLegend 406514 
Alkyne, 5-isomer AF488 - Invitrogen A10267 
Ter119 PE Cy5 TER-119 BioLegend 116210 
Tubulin alpha   CST 2125 
FLAG M2   Sigma F1804 
LIN28B   CST 4196 
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Captions 389 
Figure 1. Lin28b-dependent increase in glucose uptake into B cell progenitors  390 
(A) Representative histograms showing the 2-NBDG uptake by B cell progenitors from 3-day-old 391 
neonates of indicated genotypes or an adult wildtype control mouse. (B) Quantification of 2-392 
NBDG median fluorescence intensity (MFI) for indicated bone marrow B cell progenitor stages. 393 
The MFI was normalized to the signal in small Pre-B from adult mice. Data from five separate 394 
experiments. (C) Representative histograms showing the 2-NBDG uptake by B cell progenitors 395 
from an adult tet-Lin28b or littermate control mouse.  (D) Quantification of 2-NBDG MFI for 396 
indicated bone marrow B cell progenitor stages. The MFI was normalized to the littermate control 397 
for each separate cell type. Data from four separate experiments. Wilcox test was used to 398 
calculate p-values for B and D. *p<0.05, **p<.001. Bars or crossbar show mean and error bars 399 
show the standard deviation.  400 
 401 
Figure 2. Ex vivo cultured tet-Lin28b B cell progenitors recapitulates the in vivo phenotypes  402 
(A) Schematic of experimental setup for ex vivo cultures of bone marrow B cell progenitors. 403 
Whole bone marrow from adult tet-Lin28b or littermate control mice were expanded in the 404 
presence of IL-7 (20 ng/mL) and doxycycline (dox, 0.1 μg/mL) for five days, before analysis. (B) 405 
Representative FACS analysis and gating strategy used throughout the study. Frequencies on 406 
culture day five from a littermate control (left) or tet-Lin28b mouse (right) is shown. (C)  407 
Quantification of the B cell progenitor frequencies out of the expanded B cells on culture day 408 
five. Data from 14 separate experiments. (D) Quantification of cell cycle analysis as was measured 409 
using EdU and DAPI uptake to separate the cells into the respective phase. Data from three 410 
separate experiments. (E) Representative histograms showing CD5 expression on culture day five 411 
Imm-B cells from the adult littermate control (left) or tet-Lin28b (right). (F) Quantification of the 412 
CD5 MFI data. Data from 14 separate experiments. Wilcox test was used to calculate p-values in 413 
C, D, and F. *p<0.05, ***p<0.001, ****p<0.0001. Bars show mean and error bars show standard 414 
deviation. 415 
 416 
Figure 3. LIN28B increases glucose uptake simultaneously across B cell development ex vivo  417 
(A) Representative histograms showing the 2-NBDG uptake by adult B cell progenitors on culture 418 
day five of tet-Lin28b a littermate control mouse. (B) Quantification of 2-NBDG median 419 
fluorescence intensity (MFI) for the B cell progenitor stage. The MFI was normalized to the signal 420 
in small Pre-B from littermate control mice. Data from four separate experiments. (C)  421 
Representative histograms showing 2-NBDG uptake by Pro-B cells of the indicated genotype on 422 
culture day 2-5.  (D) Quantification of 2-NBDG median fluorescence intensity (MFI) on each day 423 
of the culture. The measured 2-NBDG MFI is presented relative to the signal in the littermate 424 
control on each day. Data from three separate experiments. (E) Schematic of experimental setup 425 
glucose titrated ex vivo cultures of bone marrow B cell progenitors. Whole bone marrow from 426 
adult tet-Lin28b or littermate control mice were expanded in the presence of IL-7 (20 ng/mL), 427 
doxycycline (dox, 0.1 μg/mL) and decreasing concentration of glucose. At culture day five, the 428 
frequency of Pro-B cells (F) and CD5+ Imm-B output (G) was analyzed for any correlation to 429 
glucose levels. (F) Graph showing frequency of Pro-B cells against the level of glucose in the 430 
culture media. (G) Graph showing frequency of CD5+ Imm-B cells against the level of glucose in 431 
the culture media. Wilcox test was used to calculate p-values in B and D. *p<0.05, **p<0.01. 432 



Correlation analysis was performed using Pearson’s test in D. Bars (B) or dots (D) show mean, 433 
error bars show standard deviation. 434 
 435 
Figure 4. Stage-specific effect on glucose metabolism by LIN28B  436 
(A) Representative line graphs showing the measured extracellular acidification rate (ECAR) by 437 
the Seahorse flux analyzer. B cell progenitors were FACS sorted from day five cultures of adult 438 
bone marrow of the indicated genotype that had been expanded under standard culture 439 
conditions. (B) Quantification of aerobic glycolysis using the ECAR as measured in A. Data from 440 
three separate experiments. (C) ATP levels in FACS sorted adult bone marrow B cell progenitors 441 
at the indicated developmental stage and genotype. Data from four separate experiments. 442 
Wilcox test was used to calculate p-values in B and C. *p<0.05.  443 
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