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During the ontogeny of the mammalian immune system, distinct lineages of cells arise
from fetal and adult hematopoietic stem cells (HSCs) during specific stages of
• Neonatal and adult CD81
development. However, in some cases, the same immune cell type is produced
by both HSC populations, resulting in the generation of phenotypically similar
T cells adopt different fates
cells with distinct origins and divergent functional properties. In this report, we
after infection because they
demonstrate that neonatal CD8 1 T cells preferentially become short-lived effectors
are derived from distinct
and adult CD8 1 T cells selectively form long-lived memory cells after infection
progenitor cells.
because they are derived from distinct progenitor cells. Notably, we find that na ı̈ve
• Lin28b may regulate the
neonatal CD8 1 T cells originate from a progenitor cell that is distinguished by
developmental switch from
expression of Lin28b. Remarkably, ectopic expression of Lin28b enables adult
fetal to adult CD81 T cells.
progenitors to give rise to CD8 1 T cells that are phenotypically and functionally
analogous to those found in neonates. These findings suggest that neonatal and
adult CD8 1 T cells belong to separate lineages of CD8 1 T cells, and potentially explain why it is challenging to elicit memory
CD8 1 T cells in early life. (Blood. 2016;128(26):3073-3082)

Key Points

Introduction
Neonates often generate incomplete immunity against intracellular
bacteria and viruses. Because CD81 T cells play a critical role in
protecting the host against these pathogens, it is important to understand
how and why neonatal CD81 T cells respond to infection differently
than in adults. Recent studies suggest that neonatal CD81 T cells fail
to become memory cells because of an inherent propensity to rapidly
proliferate and become terminally differentiated after antigenic
stimulation.1-3 However, the underlying basis for these age-related
differences remains unknown.
Several models might explain why neonatal CD81 T cell adopt fates
different from those of adults during infection. First, the “proliferation
model” posits that developmental changes in the CD81 T-cell response
relate to differences in homeostatic proliferation before infection. When
naı̈ve CD81 T cells enter a lymphopenic environment, they divide
rapidly in response to homeostatic cytokines and upregulate phenotypic
markers (CD44, CD122) indicative of cell differentiation.4,5 Thus,
because newborn mice are nearly devoid of peripheral CD81 T cells,
it is possible that neonatal CD81 T cells are less likely to develop
into memory CD81 T cells because the starting population is more
differentiated than adults before infection.
Another possibility relates to the distinct hematopoietic stem cell
(HSC) lineages that generate neonatal and adult CD81 T cells (“origin
model”). Although neonatal CD81 T cells are derived from fetal liver
HSCs that colonize the thymus during midgestation (approximately
embryonic day [e] 13), adult CD81 T cells are produced from bone
marrow (BM) HSCs that seed the thymus just before birth (;e20).

Importantly, fetal HSCs turn over more rapidly6 and preferentially give
rise to innatelike lymphocytes compared with adult HSCs.7 Thus, it is
also possible that neonatal CD81 T cells fail to form memory cells
because they are created from distinct progenitor cells.
To discriminate between the proliferation and origin models, we
compared neonatal and adult CD81 T cells that had undergone
equivalent homeostatic proliferation in the periphery, or were at the
same stage of development in the thymus. We also compared T-cell
maturation by fetal and adult precursors in the adult thymus and
examined whether fetal-derived CD81 T cells respond differently to
infection than their adult counterparts. Collectively, our data reject the
proliferation model and support the origin model, and imply that
neonatal and adult CD81 T cells adopt different fates after infection
because they belong to separate lineages of naı̈ve CD81 T cells derived
from distinct progenitors.
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Materials and methods
Mice
B6-Ly5.2/Cr mice were purchased from Charles River Laboratories (Frederick,
MD). TCR transgenic mice speciﬁc for the HSV-1 glycoprotein B498-505 peptide
SSIEFARL8 (gBT-I mice) were provided by Janko Nikolich-Zugich (University
of Arizona, Tucson, AZ) and crossed with Thy1.1 or C57BL/6 mice purchased
from Jackson Laboratories (Bar Harbor, ME). Neonatal and adult gBT-I animals
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were used at 6 to 8 days old and at 2 to 4 months old, respectively. Mice with a
tetracycline-inducible copy of human LIN28B on a C57BL/6 background (iLin28b
mice) were obtained from George Daley (Harvard University, Cambridge, MA).9
Male mice were used for all experiments, and mice were housed under speciﬁc
pathogen-free conditions at Cornell University College of Veterinary Medicine,
accredited by the Assessment and Accreditation of Laboratory Animal Care.

and 1 3 107 cells were injected (5 3 106 cells per donor for mixed chimeras) into
lethally irradiated (990 rads) 7- to 8-week-old adult B6-Ly5.2 recipients. Fortyeight hours posttransplantation, mice were administered 1 mg/mL doxycycline
with 10 mg/mL sucrose via drinking water to induce LIN28B expression for
8 weeks during reconstitution.
RNA sequencing

Antibodies and flow cytofluorimetric analysis
Antibodies were purchased from eBioscience (San Diego, CA), Biolegend (San
Diego, CA), Invitrogen (Carlsbad, CA), or BD Biosciences (Mountain View,
CA). Sheep anti-human Lin28b was obtained from R&D Systems (Minneapolis,
MN), and Alexa Fluor 488 rabbit-anti-sheep from Jackson Immunoresearch
(West Grove, PA). Flow cytoﬂuorimetric data were acquired using DiVa
software from an LSRII equipped with 4 lasers (BD Biosciences). Analysis was
performed with FlowJo (Tree Star, Ashland, OR).
Cell sorting
To purify subsets of CD44hiCD122hi and CD44loCD122lo CD81 T cells from
neonatal and adult gBT-I mice, CD81 T cells were enriched using anti-CD8a
microbeads (Miltenyi Biotec) and were subsequently labeled with antibodies
against CD4, CD8, CD44, and CD122 and sorted to .95% purity on a
ﬂuorescence-activated cell sorting (FACS) Aria III (BD Biosciences). To purify
single-positive (SP; CD81CD4–) thymocytes from neonatal and adult gBT-I
mice, CD41 thymocytes were depleted by negative immunomagnetic selection
via biotinylated antibody followed by streptavidin-coated microbeads (Miltenyi
Biotec). Thymocytes were labeled with antibodies against CD4, CD8, Va2, and
Vb8, and FACS-sorted to .90% purity. To isolate donor CD81 T cells from
chimeric mice, CD41, CD191, MHC-II1, and Ter1191 cells were depleted by
negative immunomagnetic selection. Cells were labeled with antibodies against
CD8, CD4, CD45.1, CD45.2, Thy1.1, and Thy1.2, and FACS-sorted to .98%
purity for adoptive cotransfers. Antibodies against Va2 and Vb8 were added for
sorts intended for RNA isolation.
In vitro stimulation of CD81 T cells
SP CD81 thymocytes were FACS-sorted from neonatal and adult gBT-I mice
and labeled with carboxyﬂuorescein diacetate succinimidyl ester, as described,1
and cells were stimulated with plate-bound anti-CD3 (5 mg/mL) and anti-CD28
(20 mg/mL).

For mRNA sequencing, libraries were generated using 25 to 200 ng total RNA
with the NEBNext Ultra RNA Library Prep Kit for Illumina (NEB) and
sequenced on an Illumina HiSequation 2500, generating 100-nucleotide reads.
The analysis was performed as previously described.3 Reads were aligned with
Tophat11 (mm9), and CuffDiff was used to quantify the abundance and
differential expression of each mRNA, using a false discovery rate of 5% for
signiﬁcance.12 Small RNA libraries were generated using 50 to 100 ng of total
RNA using the NEBNext Small RNA Library Kit (NEB), and sequenced on an
Illumina HiSequation 2500, generating 50-nucleotide reads. The analysis was
performed as previously described.3 miRNAs were mapped and quantiﬁed using
MirDeep213 (MirBase version 21) with Bowtie14 (mm9). The data have been
deposited in the GEO Small Read Archive15 under accession number
GSE80597.
Clustering was performed using the partitioning around the medoids
method16 in R. Gene ontology was performed with DAVID17,18 to ﬁnd enriched
biological process terms with Benjamini-corrected P values , .05. Gene sets for
enrichment statistics were downloaded from the Molecular Signatures Database
(MSDB).19 For each cluster, we found the number of genes present in both the
cluster and the data set (b), the total number of genes present in that cluster (n), the
number of genes in the MSDB data set (B), and the total number of genes that had
been clustered (N). Enrichment was calculated as (b/n)/(B/N). One-sided Fisher
exact tests were used to measure signiﬁcance.
Statistical analysis
Statistical analysis was performed using Prism (GraphPad Software, Inc, La
Jolla, CA). Error bars represent standard error of the mean. Signiﬁcance was
determined by Student t test or one-way analysis of variance followed by Tukey
multiple comparisons test. Signiﬁcance is denoted as: *P , .05, **P , .01,
***P , .001, and ****P , .0001.

Intrathymic injection

Results

To compare the progeny of different aged progenitor cells, we adapted a protocol
from Adkins B.10 B6-Ly5.2 recipient mice were sublethally irradiated with
600 rads and injected intrathymically with 1 3 106 double-negative (DN,
CD8–CD4–) thymocytes from fetal gBT-I Thy1.2 mice (14 days’ gestation) and
adult gBT-I Thy1.1 mice. CD8–CD4– thymocytes were isolated from adult mice
by depleting CD81 and CD41 cells using negative magnetic separation. Because
100% of thymocytes on embryonic day 14 are CD8–CD4– cells,10 whole
thymocyte preparations were used from fetal gBT-I mice. Splenic CD81 T cells
were recovered 4 weeks posttransfer and cotransferred into new B6-Ly5.2
(CD45.11Thy1.21) recipients.

Neonatal and adult CD81 T cells exhibit distinct phenotypes

Adoptive cotransfers
To compare primary and secondary responses to infection, FACS-sorted splenic
neonatal and adult CD44hiCD122hi or CD44loCD122lo CD81 cells, or donor
CD81 cells from thymic transfers or BM chimeras were combined at a 1:1 ratio.
Combined cells were suspended at 2 3 105 cells per mL of PBS and 100 ul of
cells was injected i.v. into adult B6-Ly5.2 recipient mice. The next day, recipient
mice were infected with WT LM-gB (5 3 103 CFU, i.v.) and later challenged
with WT LM-gB (5 3 104 CFU, i.v.), as described.1
Bone marrow chimeras
Single and mixed BM chimeras were generated by obtaining BM from
congenically marked gBT-I (Thy1.11CD45.21) and gBT-I iLin28b (Thy1.21
CD45.21) mice. CD41 and CD81 T cells were depleted by magnetic separation,

We ﬁrst sought to test the proliferation model and determine whether
differences in homeostatic proliferation contribute to cell-intrinsic
changes in neonatal CD81 T cells. To examine this possibility,
we stained CD81 T cells from uninfected neonatal and adult gBT-I
mice for CD44 and CD122, which are used to deﬁne cells that have
undergone signiﬁcant amounts of homeostatic proliferation. Such
CD44hiCD122hi are referred to as memory phenotype naı̈ve cells,
because they display certain characteristics of memory cells without
having encountered foreign antigen.20,21 The neonatal CD81 T cells
were comprised of twofold more CD44hiCD122hi memory phenotype (MP) cells, whereas the adult CD81 T cells were made up of
more CD44loCD122lo true naı̈ve (TN) cells (Figure 1A-B). Importantly, we did not observe signiﬁcant numbers of MP cells in the
thymi of neonatal mice, and their appearance in the periphery
coincided with the relative number of CD81 T cells that are actively
dividing, as measured by Ki-67 expression (supplemental Figure 1,
available on the Blood Web site). Together, these data are consistent
with earlier reports indicating that large number of CD81 T cells
undergo homeostatic expansion in early life.22,23 We also compared
the phenotype of neonatal and adult MP CD81 T cells in the periphery,
and observed multiple age–related differences in the expression of
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Figure 1. Memory phenotype CD81 T cells are more abundant in early life and express different surface markers and transcription factors. (A) Surface expression of
CD44 and CD122 by splenic CD81 T cells from uninfected neonatal and adult gBT-I. (B) Statistical analysis of the percentages of MP cells from neonatal and adult gBT-I mice.
(C) Comparison of various surface markers and transcription factors expressed in TN and MP cells from uninfected neonatal (line) or adult (shaded) gBT-I mice. Data are
representative of at least 3 experiments. Significance was determined by Student t test (****P , .0001).

natural killer cell receptors, activation markers, and T-box transcription
factors (Figure 1C). Thus, neonatal CD81 T cells that have undergone
homeostatic expansion in the periphery express a distinct phenotypic
signature, even when compared with matched adult counterparts
(Figure 1C).
TN and MP CD81 T cells from different aged mice express
distinct gene expression profiles

We previously found that splenic neonatal CD81 T cells upregulate
genes needed for cell cycle progression and effector function,3 similar
to adult MP cells.24 Thus, gene expression differences observed
between bulk adult and neonatal CD81 T cells could be explained by
the different proportions of MP and TN cells. To investigate this
possibility, we sequenced transcriptomes from TN, MP, and bulk
splenic cells from neonatal and adult mouse CD81 T cells (supplemental Table 1). Instead, we found that adult cells were distinct from
neonatal cells for all populations, which we visualized using principal
component analysis (Figure 2A-B; see supplemental Figure 2 for
transcripts contributing to differences). Hundreds of genes were
differentially expressed between adults and neonates in both the TN and
MP populations (Figure 2C-D), several of which were consistent with
protein abundances observed in Figure 1C. Clustering genes by their
expression patterns showed that most genes had equivalent expression
differences between adults and neonates (clusters 1-4), whereas the

remainder had age-dependent expression changes in the bulk CD81
population alone (clusters 5-7, Figure 2E; supplemental Table 1).
Upon comparing the genes in each cluster (Figure 2E) with gene sets
that characterize CD81 T cells at different infection states,19,25 we
found that genes upregulated in neonates in both MP and TN cells
(cluster 4) are signiﬁcantly enriched in genes typifying effector cells
(Figure 2F) and gene ontology terms related to cell division (P , 1028,
supplemental Table 1). Similarly, genes downregulated in neonates
in both MP and TN cells (clusters 2 and 3) are enriched in naı̈ve and
memory cell genes, consistent with previous data.3 Most gene
expression differences between adults and neonates therefore cannot be
attributed simply to the increase in MP cells observed in early life.
TN and MP CD81 T cells from different aged mice respond
differently to infection

Next, we wanted to address whether neonatal CD81 T cells preferentially become terminally differentiated during an immune response
because a larger proportion of the naı̈ve pool has undergone homeostatic proliferation before infection. We cotransferred equivalent
phenotypic subsets (MP or TN cells) from neonatal and adult gBT-I
mice into the same adult recipient mice (Figure 3A) and tracked their
response to infection. Regardless of their initial phenotype, neonatal
donor cells preferentially differentiated into short-lived effectors
(SLECs; KLRG1hiCD127lo) during the effector stage (Figure 3D-E)
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Figure 2. Both TN and MP CD81 T cells from uninfected neonatal gBT-I mice express different genes from adults. (A) Principal component analysis on RNA-Seq data.
Mean FPKM values from well-expressed genes were used from adult and neonatal bulk (total), TN, and MP cells. Bulk adult, MP adult, and MP neonatal samples consist of 3
pooled biological replicates; bulk neonatal, TN adult, and TN neonatal samples consist of 2 pooled biological replicates. The percentage of the overall variation accounted for
by principal components 1 (x-axis) and 2 (y-axis) is indicated for each axis. Gene loadings for principal components 1 and 2 are shown in supplemental Figure 2. (B) Colorcoded pairwise Spearman rank correlation coefficients comparing FPKM values for genes that are significantly differentially expressed between adults and neonates in at
least 1 sample; P , 1015 for all comparisons. (C) Gene expression values for adults and neonates in MP cells. Gray indicates lowly expressed genes, black indicates
nondifferentially expressed genes, orange indicates the 126 genes upregulated in neonatal cells, and blue indicates the 159 genes upregulated in adult cells. (D) Gene
expression values for adults and neonates in TN cells, where 204 genes are upregulated in neonatal cells and 195 genes are upregulated in adult cells. (E) Clustering of genes
in all samples. Fold-change differences for significantly differentially expressed genes were calculated between adults and neonates. Clustering was performed to identify
genes with similar differences in expression in each sample; fold-change for each gene is plotted in each sample, and genes are shown in their clusters. (F) Genes in each
cluster were compared with genes that define naı̈ve cells before infection and effector or memory cells after infection. Enrichment was calculated as number of genes in each
cluster compared with the number expected. Significance was determined by Fisher exact tests; *P , .05, **P , .005, ***P , .0005. See supplemental Table 1 for gene
expression values and clustering.

and failed to transition into the long-lived memory pool. As a
consequence, the memory recall response was almost entirely
dominated by adult donor–derived cells (Figure 3B-C). Collectively, these data argue against the hypothesis that age-related
differences in homeostatic proliferation underlie the altered
behavior of different-aged CD81 T cells after infection.
Single positive CD81CD4– thymocytes in neonatal mice exhibit
unique genetic properties compared with adults

We next sought to test the origin model and determine whether cellintrinsic differences between neonatal and adult CD81 T cells relate to
their distinct HSC origin. We compared gene expression proﬁles in
single-positive (SP) CD81 T cells from neonatal and adult thymi to
compare transcriptomes at the same stage of thymic development, and
to control for age-related differences in maturation and proliferation
(supplemental Table 1; validated protein levels of selected genes in
supplemental Figure 3). Overall, we found greater variation between

splenic and thymic CD81 T cells, regardless of age (Figure 4A-B).
Widespread gene expression differences do exist between adults and
neonates in both types of cells (Figure 4C-D and supplemental
Table 1), however, indicating that neonatal CD81 T cells exhibit a
divergent pattern of gene expression even at the time they are
initially created. To gain insight into these differences, we clustered genes based on their coexpression patterns (Figure 4E-F;
supplemental Table 1). Genes with differential expression between
adults and neonates in the spleen generally have similar differences
in the thymus (clusters 1 and 5), yet additional genes show differences in the thymus only. Interestingly, genes that are upregulated
only in the neonatal thymus (cluster 3) are enriched in effector-cell
genes, suggesting that neonatal CD81 T cells are more effectorlike.
Genes that are downregulated in splenic neonates with little
difference in thymic cells (cluster 4) have memorylike expression,
whereas genes downregulated in neonates in both the thymus and
spleen (cluster 5) are enriched for genes found in naı̈ve cells.
Overall, differences in gene expression between neonatal and adult
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Figure 3. Both TN and MP CD81 T cells from neonatal gBT-I mice preferentially become short-lived effectors after infection. (A) Schematic of experimental design:
TN and MP cells were sorted from congenically marked gBT-I adult (CD45.2, Thy1.2) and neonatal (CD45.2, Thy1.1) mice and adoptively cotransferred (1:1 ratio) into adult
recipient mice (CD45.1, Thy1.2). These recipients were infected with 5 3 103 colony-forming unit (CFU) LM-gB and serially bled to examine primary CD81 T-cell responses.
Recipients were also challenged at 28 dpi with 5 3 104 WT LM-gB to assess the memory recall response. Arrows indicate days of infections. Relative numbers and ratios of
TN (B) and MP (C) donor cells from different aged mice at various times after infection. Percentages of MP (D) and TN (E) donor cells from different aged mice that display a
short-lived effector cell (SLEC) or memory precursor effector cell (MPEC) phenotype at the peak of the primary response (7 dpi). Data are representative of 2 experiments
(n 5 9-12 mice/group). Significance was assessed by Student t test (****P , .0001). DPI, days postinfection.

CD81 T cells, beginning at the cells’ generation and continuing
throughout the course of development, suggest neonatal CD81
T cells represent a distinct and more effectorlike population
of lymphocytes that associates with their progenitor cell origin.
To uncover functional differences between thymic CD81 T cells
from neonatal and adult mice, we compared the ability of SP CD81

T cells from neonatal and adult thymi to proliferate after in vitro
stimulation. We found that neonatal SP CD81 T cells had divided
signiﬁcantly more than their adult counterparts (supplemental Figure 5).
Thus, the enhanced ability of peripheral neonatal CD81 T cells to
proliferate after stimulation appears to originate in their immediate
precursors in the thymus.
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Figure 4. Neonatal single-positive CD81 T cells from the thymus express different genes and proliferate faster than adults. (A-F) RNAseq was performed on neonate
and adult gBT-I CD81 thymocytes and splenocytes. (A) Principal component analysis. Mean FPKM values from well-expressed genes were used from adult and neonatal
naı̈ve splenic and thymic CD81 T cells. The naı̈ve splenic adult sample consists of 3 pooled biological replicates; the remaining samples consist of 2 pooled biological
replicates. The percentage of the overall variation accounted for by principal components 1 (x-axis) and 2 (y-axis) is indicated for each axis. Gene loadings are shown for
principal components 1 and 2 in supplemental Figure 4. (B) Color-coded pairwise Spearman rank correlation coefficients comparing FPKM values for genes that are
significantly differentially expressed between adults and neonates in at least one sample; P , 1015 for all comparisons. (C) Gene expression values for adults and neonates in
splenic cells. Gray indicates lowly expressed genes, black indicates nondifferentially expressed genes, orange indicates the 118 genes upregulated in neonatal cells, and blue
indicates the 153 genes upregulated in adult cells. (D) Gene expression values for adults and neonates in thymic cells, where 264 genes are upregulated in neonatal cells and
199 genes are upregulated in adult cells. Clustering of genes in naı̈ve splenic and thymic CD81 T-cell transcriptomes. Fold-change differences for significantly differentially
expressed genes were calculated between adults and neonates. (E) Clustering was performed to identify genes with similar differences in expression in each sample; fold-change
for each gene is plotted in each sample, and genes are shown in their clusters. (F) Genes in each cluster were compared with genes that define naı̈ve, effector, or memory cells.
Enrichment was calculated as number of genes in each cluster compared with the number expected. See supplemental Table 1 for gene expression values and clustering.

Fetal progenitors give rise to mature CD81 T cells that adopt
distinctive fates after infection

To conﬁrm that thymic precursors in neonate and adult mice give rise
to distinct lineages of CD81 T cells, we intrathymically injected
equivalent numbers of DN thymocytes from fetal and adult gBT-I
mice into adult recipient mice, allowing us to control for age-related
differences in the thymic stromal environment (Figure 5A). Four weeks
after injection, we collected the peripheral cells and compared their
phenotype. Strikingly, nearly 100% of fetal-derived CD81 T cells were
MP cells, whereas adult-derived CD81 T cells were comprised of many
more TN cells (Figure 5B-C). To determine whether the progeny
of fetal and adult precursors behaved similarly to neonatal and adult
CD81 T cells after microbial challenge, we cotransferred fetal- and
adult-derived CD81 T cells into adult recipient mice and compared
their ability to respond to infection. We found that fetal-derived cells
exhibited a terminally differentiated phenotype at the peak of the
primary response (7dpi), and failed to survive during later stages of the

infection (Figure 5D-E). As a result, the memory recall response was
largely comprised of adult-derived CD81 T cells (Figure 5D). Collectively, these data support the origin model, and suggest that neonatal
and adult CD81 T cells adopt different fates after infection because
they are derived from different progenitor cells.
Lin28b reprograms adult CD81 T cells to behave more like
neonatal cells

Previous reports suggest that many key biological differences between
fetal and adult HSCs can be attributed to changes in the expression of
Lin28b, a conserved and developmentally regulated RNA-binding
protein that represses the let-7 microRNA,26,27 among other roles.
Importantly, Lin28b is selectively expressed in fetal progenitors
(supplemental Figure 6), and overexpression of Lin28b in adult BM
cells promotes the development of fetal-like B cells (B-1a B cells,
marginal zone B cells) and innate-like T cells (NKT cells, g d T cells).28
If Lin28b underlies key developmental-related differences in CD81
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Figure 5. Fetal progenitors give rise to mature CD81 T cells that adopt different fates after infection. (A) Schematic of experimental design: CD8–CD4– progenitors
from congenically marked gBT-I adult (CD45.2, Thy1.1) and neonatal (CD45.2, Thy1.2) mice were transferred by intrathymic injection into sublethally irradiated congenic
recipient mice (CD45.1, Thy1.2) separately. Four weeks later, progenitor-derived splenic CD81 T cells were sorted and adoptively co-transferred (1:1 ratio) into new congenic
recipient mice (CD45.1, Thy1.2). These recipients were infected with 5 3 103 LM-gB and serially bled to examine CD81 T-cell responses. (B-C) Naı̈ve phenotypes of
progenitor-derived CD81 T cells before adoptive cotransfer. (B) Representative plots displaying CD44 and CD122 expression by gBT-I progenitor-derived CD81 T cells 4
weeks post–intrathymic transfer in blood. (C) Statistical analysis of the percentages of MP cells from gBT-I adult and fetal progenitor-derived cells. (D) Relative numbers of
gBT-I adult (dashed) and fetal (solid) progenitor-derived donor CD81 T cells postinfection and re-challenge (5 3 104 WT LM-gB); arrows indicate days of infections. (E)
Percentages of gBT-I adult and fetal progenitor-derived donor CD81 T cells that are SLECs and MPECs. Data are representative of 2 experiments (n 5 4-11 mice/group)
(****P , .0001).

T cells, we reasoned that ectopic expression of Lin28 in adult progenitor
cells would result in the development of “neonatal-like” cells. To test
this, we generated BM chimeras by reconstituting lethally irradiated
mice with gBT-I WT or iLin28b hematopoietic cells (Figure 6A). After
reconstitution, robust expression of Lin28b was conﬁrmed in CD81
T cells (supplemental Figure 7A-B), and its expression was sufﬁcient

to downregulate all let-7 family members except let-7c, which is not
subject to control by Lin2829 (Figure 6B; supplemental Table 1).
Phenotypic analysis of CD81 T cells from chimeric mice revealed that
forced expression of Lin28b in adult progenitor cells promotes the
generation of MP cells that develop after thymic egress, reminiscent of
neonatal cells (Figure 6C-D; supplemental Figure 7C-D). Notably, in
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representative of 2 experiments (****P , .0001).

mixed BM chimeras, wild-type (WT) CD81 T cells produced in the
same thymus as iLin28b CD81 T cells did not give rise to more MP
CD81 T cells (supplemental Figure 8), suggesting that Lin28b drives
the development of MP CD81 T cells in a cell-intrinsic manner.
To determine whether Lin28b expression inﬂuences the fate of
CD81 T cells after infection, we adoptively cotransferred equal
numbers of WT and iLin28b CD81 T cells from BM chimeras into
adult recipients, and infected the recipients (Figure 6A). The data
revealed that WT cells predominate as the immune response
progressed. The few iLin28b CD81 cells that remained at day 28
responded poorly to secondary challenge, and the recall response

was entirely comprised of WT cells (Figure 6E). We also examined
changes in the expression of KLRG1 and CD127 at the peak of the
primary response, which revealed that most iLin28b cells expressed a
SLEC phenotype, whereas WT cells exhibited a balance of SLEC and
MPEC phenotypes (Figure 6F). Together, these data demonstrate
that ectopic expression of Lin28b in adult progenitor cells enables
them to give rise to CD81 T cells that are phenotypically and
functionally analogous to those found in neonates, indicating that
increased expression of Lin28b in neonatal progenitor cells
underlies their preferential terminal differentiation into SLECs
during infection.
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Discussion
Previous work has demonstrated that the ontogeny of the immune
system does not progress in a linear manner from fetal life to
adulthood.30-34 Instead, the prevailing model argues that distinct
“steps” or “layers” develop sequentially from progenitor cells that are
metabolically and epigenetically distinct.35-39 As a consequence, unique
populations of immune cells (B1a-B cells and dendritic epidermal
T cells) are generated during different windows of development.40-42 In
this report, we provide compelling support for the existence of a distinct
layer of CD81 T cells that is produced in early life and demonstrate that
neonatal and adult CD81 T cells respond differently to infection because
they are derived from distinct progenitor cells.
The “layered immune hypothesis” may also be relevant to the
ontogeny of MP CD81 T cells. Previous work has suggested that MP
cells are driven by lymphopenia-induced proliferation during early
stages of development.22,43 However, our work demonstrates that fetalderived CD81 T cells preferentially acquire a memory phenotype, even
when placed in the same environment as adult-derived cells (Figure 5).
These ﬁndings suggest that MP cell development cannot be attributed
solely to age-related changes in the environment and indicates that cellintrinsic differences between neonatal and adult CD81 T cells should
also be considered. It will be important to determine whether sensitivity
to homeostatic cytokines and/or proximity toward IL-7– and IL-15–
dependent niches in lymphoid tissue is linked to their developmental
origin. Indeed, perhaps MP cells in young adult mice are derived largely
from the fetal layers of HSCs.
Intrathymic transfer experiments allowed us to control for differences in the amount of post–thymic maturation. As recent thymic
emigrants (RTEs) make up a larger percentage of naı̈ve cells in neonatal
mice (100%) compared with adult mice (;10%-20%)44 and skew
toward the short-lived effector lineage after infection,45 there has been
some speculation that neonatal CD81 T cells produce fewer memory cells because they have yet to undergo a sufﬁcient amount of
post–thymic maturation. Although we were unable to directly compare
neonatal and adult RTEs because of dramatic differences in the rates
of homeostatic proliferation, it is worth pointing out that we have
compared the progeny of fetal and adult progenitor cells after giving
these cells the same length of post–thymic maturation (;4 weeks), and
we still observed cell-intrinsic differences (Figure 5). Thus, although
the age of the cell clearly inﬂuences its ability to respond to stimulation,
the age of the animal in which the cell is created may ultimately be a
greater determining factor for how a cell will respond after infection.
What are the molecular mechanisms that underlie the developmental switch from fetal to adult CD81 T-cell production? Our work points
toward a role for Lin28b in this process, which is highly expressed in
fetal animals and then downregulated later in development. Previous
reports have suggested that many posttranscriptional and metabolic
differences between fetal and adult HSCs can be attributed to the
expression of Lin28b.26,46,47 One way in which Lin28b regulates fetal
HSCs is by blocking the biogenesis of let-7 miRNAs, which control the
developmental timing in a wide range of species.28,48-51 More recently,
let-7 has gained attention for its ability to behave as a tumor suppressor
in human cancer cells by repressing cell proliferation,52-54 potentially
by targeting cell cycle factors and genes in the mTOR pathway.9 In this
report, we demonstrate that ectopic Lin28b expression in adult
progenitor cells gives rise to CD81 T cells that undergo more rapid
proliferation and effector cell differentiation (Figure 6). To our
knowledge, this is the ﬁrst study demonstrating how Lin28 expression
alters the CD81 T-cell response to infection. However, additional
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studies are required to determine the degree to which Lin28b is
controlling CD81 T-cell responses by reducing expression of let-7,
enhancing the translation of metabolic enzymes55 or other factors.56,57
It will be essential to examine more closely the changes in gene
expression at the individual cell level to uncover the molecular circuitry
regulated by Lin28b and let-7 in CD81 T cells. We are currently using
both gain- and loss-of-function gene targeting approaches to identify
these networks. Clearly, more work studying the role of let-7/Lin28 in
CD81 T-cell development is warranted.
It is intriguing to speculate whether Lin28b was co-opted during the
evolution of mammalian immune system to serve as rheostat of effector
and memory cell differentiation during stages of life. A common
feature of lymphocytes derived from Lin28b1 fetal HSCs is that they
tend to respond more rapidly to infection than their adult-derived
counterparts.1,58 Responding with a more vigorous primary CD81
T cell response may help protect the host at critical stages of immune
development, but likely comes at the cost of not being able to form longlived memory cells. However, because the neonatal CD81 T-cell
repertoire is extremely limited, it is likely that neonatal cells are of lesser
value in the memory pool, because more “ﬁt” CD81 T cells will arise
later in adulthood. Although this model remains to be tested, our data
provide insight into the developmental-related factors that inﬂuence
effector and memory CD81 T-cell differentiation during periods of life.
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