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The development of a broad repertoire of T cells, which is essential for effective immune function, occurs in the thymus.
Although some data suggest that T cell development can occur extrathymically, many researchers remain skeptical that
extrathymic T cell development has an important role in generating the T cell repertoire in healthy individuals. However, it
may be important in the setting of poor thymic function or congenital deficit and in the context of autoimmunity, cancer, or
regenerative medicine. Here, we report evidence that a stepwise program of T cell development occurs within the human

tonsil. We identified 5 tonsillar T cell developmental intermediates: (a) CD34*CD38%™MLin~ cells, which resemble
multipotent progenitors in the bone marrow and thymus; (b) more mature CD34*CD38P19M in~ cells; (c)
CD34*CD1a*CD11c¢™ cells, which resemble committed T cell lineage precursors in the thymus; (d)
CD34CD1a*CD37CD11c™ cells, which resemble CD4*CD8* double-positive T cells in the thymus; and (e)

CD34 CD1a*CD3*CD11c™ cells. The phenotype of each subset closely resembled that of its thymic counterpart. The last
4 populations expressed RAG1 and PTCRA, genes required for TCR rearrangement, and all 5 subsets were capable of ex

vivo T cell differentiation. TdT* cells found within the tonsillar fibrous scaffold expressed CD34 and/or CD1a, indicating
that this distinct anatomic region contributes to pre—T cell development, as does the subcapsular region of the thymus.
Thus, we [...]
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The development of a broad repertoire of T cells, which is essential for effective immune function, occurs in
the thymus. Although some data suggest that T cell development can occur extrathymically, many researchers
remain skeptical that extrathymic T cell development has an important role in generating the T cell repertoire
in healthy individuals. However, it may be important in the setting of poor thymic function or congenital deficit
and in the context of autoimmunity, cancer, or regenerative medicine. Here, we report evidence that a stepwise
program of T cell development occurs within the human tonsil. We identified 5 tonsillar T cell developmental
intermediates: (a) CD34*CD384™Lin- cells, which resemble multipotent progenitors in the bone marrow and
thymus; (b) more mature CD34*CD38brightLin- cells; (c¢) CD34*CD1a*CD11c" cells, which resemble committed
T cell lineage precursors in the thymus; (d) CD34-CD1a*CD3-CD11c" cells, which resemble CD4*CD8* double-
positive T cells in the thymus; and (e) CD34-CD1a*CD3*CD11c" cells. The phenotype of each subset closely
resembled that of its thymic counterpart. The last 4 populations expressed RAGI and PTCRA, genes required
for TCR rearrangement, and all 5 subsets were capable of ex vivo T cell differentiation. TdT" cells found within
the tonsillar fibrous scaffold expressed CD34 and/or CD1a, indicating that this distinct anatomic region con-
tributes to pre-T cell development, as does the subcapsular region of the thymus. Thus, we provide evidence

of a role for the human tonsil in a comprehensive program of extrathymic T cell development.

Introduction
The development of human T cells can be divided into discrete
stages, ranging from that for multipotent progenitors to that for
naive T cells. The expression of CD4 and/or CD8 divides thymo-
cytes into the categories of double-negative, immature single-pos-
itive, double-positive (DP), and single-positive cells (1, 2). Based
on TCR gene rearrangements and differentiation capabilities,
double-negative thymocytes are divided into the least mature
CD34*CD384mCD1a- cells and the progressively more mature
CD34*CD38Migh‘CD1a-and CD34*CD1a’ cells (2, 3). CD34*CD1a*
thymocytes acquire CD4 and then CD8 as they lose CD34, to
become CD34 DP cells. Finally, CD3* DP thymocytes lose either
CD4 or CDS8 to become single-positive naive T cells (1).
Development of a healthy T cell repertoire is dependent on a
functional thymus. However, the potential for human extrathymic
lymphoid tissue to augment T cell development is poorly under-
stood but may be important in the setting of poor thymic function
or congenital deficit. Previous reports of extrathymic T cell devel-
opment in humans have relied primarily on the identification of
cells expressing genes associated with TCR loci rearrangement in
the intestine or bone marrow. Indeed, CD7*CD10" cells expressing
pre-TCR a. (PTCRA), recombination activating gene 1 (RAGI), and
RAG2 mRNA and varying levels of TCRB gene recombination have
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been identified in postnatal bone marrow (4). However, recent
reports were unable to identify CD34*CD45RA*CD7*CD10*
cells in the same tissue (5, 6), indicating that it is unlikely that
the CD7*CD10* bone marrow cells identified include early CD34*
pre-T cells. Similarly, CD5*CD7*CD3" cells have been identified
in neonatal intestine, and PTCRA, TdT (also known as DNTT), and
RAG2 mRNA can be detected in whole lysates of these tissues (7);
yet, whether or not CD34* T cell progenitors reside there is unclear.
Finally, several reports have identified TdT* cells in extrafollicular
zones of the human tonsil near fibrous scaffolding (8-11). How-
ever, little is known about the function or phenotype of these cells.
Thus, no complete program of human T cell development has been
described in an extrathymic tissue.

Human tonsils and lymph nodes contain resident CD34* cells (12,
13). However, to date, the CD34* compartment of human second-
ary lymphoid tissue has been characterized primarily by its ability to
contribute to NK cell development. Specifically, it has been divided
into 2 maturational stages of NK cell intermediate, distinguished
by the expression of CD117. Stage 1 pro-NK cells are minimally
defined as CD34*CD117-, whereas stage 2 pre-NK cells are defined as
CD34*CD117*. Each of these CD34" populations has the differentia-
tion potential for T cells, DCs, and NK cells (13). However, the mini-
mal definitions of stage 1 and 2 cells do not account for the immense
phenotypic heterogeneity within each population (14). Whether stage
1 or 2 NK precursors contain distinct subpopulations, each capable of
giving rise to other hematopoietic lineages, is unknown.
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Figure 1

The human tonsil contains CD34+CD38dmLin-, CD34+CD38brightLin-, and CD34+*CD1a*CD11c- cells. (A) Expression of CD34 and lineage mark-
ers (CD11c, BDCA-2, CD117,CD161, CD19, CD3, CD1a) on CD34-enriched tonsillar cells (left). Total lymphocytes were gated on Lin- events
and analyzed for their expression of CD34 and CD38 (right). The number above each gate indicates the mean percentage of CD34+ cells falling
within that gate. (B) Expression of CD1a on CD34-enriched tonsillar cells (left). The number above each gate indicates the mean percentage of
CD34+ cells falling within that gate. Events were gated on CD34+CD1a* cells and analyzed for their coexpression of CD10 and CD11c (right). The
number within the top left and bottom right quadrants represents the mean percentage of CD34+*CD1a* cells that are defined as either CD11c*
or CD10*, respectively. (C) The percentage of CD34+ cells that are defined as CD34+*CD1a*CD11c- in 4 representative human pediatric tonsils.
Plots are gated on total CD34+ cells. Numbers in the bottom right quadrant indicate the percentage of CD34+ cells that are CD1a*CD11c- in that
particular donor. All data are from a representative tonsil of (A) 3, (B) 4, or (C) 24 individual donors.

Here, we provide evidence for a role of human tonsil in a step-
wise program of extrathymic T cell development. We identify 5
T cell developmental intermediates within the tonsil, each one with
T cell differentiation potential, as well as a phenotype closely resem-
bling the corresponding populations in the thymus. Furthermore,
we discovered that the TdT* cells found near the fibrous scaffold of
the tonsil express CD34 and/or the pre-T cell marker CD1a, indicat-
ing that distinct anatomical regions of the tonsil contribute to the
earliest stages of extrathymic T cell development. Finally, we dem-
onstrate that CD34*-CD1a*CD11c tonsillar and thymic cells retain
both T cell and NK cell developmental potential.

Results
CD34*CD38%mLin-, CD34*CD38"%"Lin", and CD34*CD1a*CD11c"
cells reside within the human tonsil. Dim expression of CD38 on
CD34" cells identifies multipotent progenitor populations in the
bone marrow, thymus, and umbilical cord blood, and increased
expression of CD38 on CD34* cells is associated with differen-
tiation (1, 3, 15-17). Analyzing magnetically enriched CD34*
tonsillar cells for the expression of CD34 and CD38, together
with the lineage (Lin) antigens CD3, CD19, CD117, CD161,
BDCA-2, CD11c, and CD1a, revealed that the human pediatric
tonsil contains a population of CD34*CD384™Lin- cells as well
as a CD34*CD38brighLin- subset. In general, the CD34*CD38dim
subset tended to express higher surface density of CD34 than
the CD34*CD38Pight population (Figure 1A), suggesting that the
1404
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human tonsil may contain a multipotent hematopoietic progeni-
tor minimally defined as CD34*CD38%™Lin- as well as a more
mature CD34*CD38ighLin- population.

Commitment to the T cell lineage in the human thymus is asso-
ciated with the acquisition of CD1a on CD34*CD10*CD7" thy-
mocytes (1). However, CD1a expression is also canonically associ-
ated with DC populations (18, 19). Within the human tonsil there
was a small but consistent population of CD34*CD1a* lympho-
cytes (Figure 1B), which lacked CD117, CD161, BDCA-2, CD14,
CD19, and CD3 (data not shown). However, when analyzed for
the expression of CD10 and the DC marker CD11c, CD34*CD1a*
tonsillar cells expressed either CD11c or CD10 (Figure 1B). Sub-
stantial donor-to-donor variation exists in the relative size of the
CD34*CD1a*CD11c subset in the tonsil (Figure 1C). In 24 pediat-
ric donors, CD34*CD1a*CD11c tonsillar cells constituted between
0.15%-19.4% of the total CD34" population (mean, 3.82% + 1.06%;
median, 1.47%). No statistical correlation was found between the
percentage of CD34°'CD1a*CD11c cells and the age (1-16 years)
or gender of the donor.

Tonsillar CD34*CD38%"Lin-, CD34*CD38%Lin-, and
CD34*CD1a*CD11c cells phenotypically resemble the earli-
est stages of thymocyte development. To determine whether
or not the CD34*CD38dimLin-, CD34*CD38brighcLin-, and
CD34'CD1a*CD11c cells identified in the tonsil represent
extrathymic T cell precursors similar to those found in the thy-
mus, each subset from tonsil and thymus was extensively pheno-
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typed by flow cytometry (Figure 2). In both the tonsil and thy-
mus, CD34*CD38%4mLin- cells expressed CD10, CD33, CD45RA,
and HLA-DR as well as variable levels of CD25 and intracellular
TdT. Similarly, CD34*CD38%mLin- cells from both tissues lacked
expression of CD4, CD8, CDS56, and CD116 (Figure 2). How-
ever, there are distinct differences between tonsillar and thy-
mic CD34*CD38dmLin- cells. Thymic CD34*CD384mLin- cells
expressed CD2 and most expressed CDS and CD7, while a small
fraction expressed the IL-7 receptor o (CD127) (Figure 2B). The
same cells in the tonsil lacked CD2 and CD127, and only a small
fraction expressed CD5 or CD7 (Figure 2).

CD34*CD38bighLin- cells from the tonsil and thymus are
similar in that both expressed CD2, CD10, and low levels of
CD45RA. Similarly, both populations lacked expression of CD4,
CDS8, CD56, and CD116. However, CD34*CD38brightLin- cells
from the tonsil expressed variable levels of CD7 and CDS5, and
only small amounts of intracellular CD3¢ (icCD3¢), whereas
those from the thymus were all CD7*CD5*1cCD3¢". Further-
more, tonsil CD34*CD38rightLin- cells expressed CD33 and vari-
able levels of HLA-DR, which were largely absent on the same
cells from the thymus (Figure 2). Despite the differences seen in
CD34*CD38brighLin- cells, each subset represents a phenotype that
is in many ways intermediate between CD34*CD38%mLin- cells
and CD34*CD1a*CD11c cells from the respective tissues. In the
tonsil, intermediate levels of CDS, CD7, CD25, CD127, HLA-DR,
and TdT on CD34*CD38ig"Lin- exemplify this.

The CD34*CD1a*CD11c populations in the thymus and ton-
sil are remarkably similar. Both expressed the early T cell mark-
ers CD2, CDS, CD7, CD10, and icCD3e. Furthermore, both
demonstrated moderate levels of CD127 and intracellular TdT,
an enzyme necessary for TCR gene rearrangement. Portions of
the CD34°CD1a’CD11c subset in both the tonsil and thymus
expressed CD4, suggesting that some CD34*CD1a* cells may be
progressing to the immature single-positive stage, characteristic
of normal thymocyte development (1). Like their thymic counter-
parts, tonsillar CD34*CD1a*CD11c cells did not express the GM-
CSF receptor (CD116) or HLA-DR, consistent with the hypothesis
that they are not DCs (Figure 2).

CD4*CD8*CD1a* DP pre-T cells reside within the human tonsil. If
the human tonsil supports complete T cell development, it
should contain DP pre-T cells. However, Nascimbeni et al. have
identified peripheral blood CD3* DP T cells that have a mature
memory function (20), indicating that CD4 and CD8 alone are
not enough to distinguish DP lymphocytes as pre-T cells. CD34-
depleted tonsillar or thymic cells and total mononuclear periph-
eral blood cells were analyzed for expression of CD4, CD8, CD3,
and CD1a. Indeed, a population of CD4*CD8" cells resides within
the human tonsil, and it was divided into CD1a* and CD1a- cells.
The tonsillar CD1a™ DP cells uniformly expressed CD3, whereas
the CD1a* DP cells variably expressed CD3, suggesting they con-
tain CD3" T cell precursors (Figure 3A). Furthermore, thymic
DP cells expressed CD1a with similar CD3" expression as seen
on the tonsillar CD1a* subset (Figure 3A). Conversely, blood DP
cells were CD1a-CD3" (Figure 3A), consistent with the findings
of Nascimbeni et al., who found that DP memory T cells lack
CD1a (20). These findings suggest that expression of CD1a can
distinguish among distinct subsets of DP lymphocytes. Further-
more, its expression on a fraction of CD4*CD8*CD3*/ tonsillar
cells, similar to that in the thymus, supports the hypothesis that
pre-T cells reside within the tonsil.
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In the thymus, CD1a is expressed throughout T cell devel-
opment until its loss on naive CD3* T cells (1). To investigate
the relationship between CD34*CD1a*CD11c tonsillar cells
and potential downstream T cell intermediates, CD19- ton-
sillar cells were enriched for CD1a-expressing cells. Like the
CD34*CD1a* subset described in Figure 1, the CD34 CD1a*
fraction of the human tonsil can be divided into 2 distinct
populations based on its expression of the DC marker CD11c
(Figure 3B). CD34 CD11c"CD1a* tonsillar cells displayed low
forward and side scatter properties, suggesting they are small,
agranular lymphocytes, whereas the CD11c*CD1a* subset dis-
played higher forward and side scatter (Figure 3B). In contrast
to those in the tonsil, CD34-CD1a* cells in the human thymus
were largely CD11c and displayed low forward and side scat-
ter (Figure 3B). These data suggest that CD11c expression in
the human tonsil is useful for distinguishing large CD1a* DCs
from what we believe to be a novel population of small CD11c"
CD1la* lymphocytes.

Tonsillar cells were next enriched for cells expressing CD34,
CDl1a, or a combination of both and analyzed for the expression
of CD11¢,CD34, CD1a,and CD3. It appears that both CD1a* thy-
mic and tonsillar cells lose CD34 expression as they increase CD1a
surface density (Figure 3C, left). Furthermore, when the enriched
cells were gated on total CD34-CD11c events, a similar progres-
sion from CD1a*CD3- to CD1a*CD3" cells was seen in both tis-
sues (Figure 3C, right). As CD1a expression is seen on thymocytes,
spanning from CD34* precursors all the way to CD3* near-mature
T cells (1), these data suggest that a similar pattern describes puta-
tive T cell developmental intermediates of the tonsil.

Tonsillar CD34-CD1a*CD11c cells express T cell antigens in patterns
similar to those of human thymocytes. The relationship of CD34,
CD1a, and CD3 as well as the identification of CD1a*CD4*CD8*
DP cells suggest that the human tonsil can support T cell devel-
opment. After gating on CD34-CD11c" tonsil or thymic cells,
3 populations were identified: (a) CD1a*CD3-, (b) CD1a*CD3",
and (c) CD1a"CD3* cells (Supplemental Figure 1A; supple-
mental material available online with this article; doi:10.1172/
JCI46125DS1). Expression of thymocyte-associated antigens
was analyzed on these 3 populations from the tonsil and thy-
mus (Figure 4). In both tissues, the expression of early thymo-
cyte markers, such as CD10 and intracellular TdT, decreases as
cells progressed from CD1a*CD3" to CD1a*CD3*, whereas the
CD1aCD3" cells did not express these markers in either tissue.
In both the tonsil and thymus, CD5 and CD7 increased as cells
progress through the 3 identified populations. CD1a*CD3" and
CD1a’CD3" cells from both tissues expressed CD4, and many
coexpressed CD8, although donor variation in CD8 expression
was observed (data not shown). Finally, cells from all 3 subsets
expressed icCD3¢, and surface expression of TCRyd and TCRaf§
began at the CD1a*CD3" stage in both the thymus and ton-
sil. Total tonsillar and thymic CD34CD11c CD1a* cells did
not express the lineage markers CD56, CD117, CD94, CD16,
CD19, CD14, BDCA-2, or CD116, but a small subset expressed
CD161 (Supplemental Figure 1, B and C). Thus, total tonsil-
lar CD1a*CD11c cells phenotypically resemble CD1a* cells
in the human thymus. Furthermore, early thymocyte antigen
loss and the acquisition of mature T cell-associated antigens
suggest that CD34-CD11c" tonsillar precursors progress from
CD1a*CD3- cells, which acquire CD3 and then lose CD1a, to
become mature CD1a CD3* T cells.
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Figure 2

Phenotypic comparison of CD34+CD38%mLin-,
CD34+CD38vridMLin-, and CD34+*CD1a*CD11c-
cells in human tonsil and thymus. (A) Tonsillar
cells were magnetically depleted of CD3- and
CD19-expressing cells and were then enriched
for CD34+ cells. Enriched cells are gated on
CD34+CD38dimLin-, CD34+CD38PrightLin-, or
CD34+CD1a*CD11c™ events. (B) Thymic cells
were magnetically enriched for CD34+ cells
and then gated on the same 3 populations as
in A. Gray shading indicates staining with the
indicated antibody, whereas no shading indi-
cates staining with an isotype-matched control
antibody. The number above each gate indi-
cates the percentage of events falling within
that gate. Data in each histogram is from a
representative donor, where n > 3 for tonsil
and n = 2 for thymic data.

Expression of T cell development—associated
genes in putative tonsillar T cell precursors.
Specific gene expression patterns in the
human thymus can be used to track the
development of T cell precursors as they
progress from multipotent cells toward
mature T cells. For example, RAGI and
PTCRA, both of which are required for suc-
cessful TCR rearrangement, are expressed
early in T cell development and peak at
the CD34*CD1a* and DP pre-T cell stages
(3, 6). Similarly, expression of BCL-X has
been detected in both murine and human
CD4*CD8* DP thymocytes, and the BCL-X
(also known as BCL2L1) isoform has been
shown to be critical for providing neces-
sary antiapoptosis signals in murine DP
cells (21, 22). In contrast, THPOK is a
transcription factor that is essential for
development of mature CD4"* cells, and its
expression in the thymus and periphery is
largely restricted to CD3" cells (23).

Thus, we used real-time RT-PCR to assess
expression of these 4 genes within putative
T cell precursor populations in the human
tonsil. Six distinct populations were sorted
from human tonsil and thymus, as shown
in Figure SA: (a) CD34°CD38%mLin-, (b)
CD34"CD38PrigheLin-, (c) CD34"'CD1a'CD3-,
(d) CD34-CD1a*CD3-, (e) CD34-CD1a*CD3",
and (f) CD34CD1a CD3" cells. The com-
plete gating strategy and representative
sort purities are shown in Supplemental
Figure 2, and the relative frequencies of
each tonsillar subset are shown in Supple-
mental Table 1. In duplicate experiments,
the levels of RAGI (Figure 5B), PTCRA (Fig-
ure 5C), and BCL2L1 (Figure SD) mRNA
were highest in either population 3 or 4 of
the tonsil. Expression of THPOK mRNA,
on the other hand, was largely restricted
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to the CD3* populations 5 and 6 (Figure SE). These patterns of
gene expression were found to be similar to the patterns noted in
the comparable thymic populations (Figure 5, B-E).

In situ localization of tonsillar CD34*TdT* and CD1a*TdT* cells. TdT*
cells have been identified in the human tonsil near the fibrous
scaffold (8-11). However, they have yet to be characterized with
regard to origin, hematopoietic lineage, or function. Our iden-
tification of CD1a*CD11c¢"TdT* cells in the tonsil suggests that
the previously identified TdT* cells may be extrathymic T cell
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»

CD1a-expressing cells. Enriched cells
were gated on CD11c- (left) or CD34-
CD11c~ (right) events and analyzed for
expression of CD34 and CD1a (left) and
CD3 and CD1a (right). Thymic CD34+ and
CD34- cells were similarly analyzed after
CD34 enrichment. Data are representative
of 1 out of at least 3 independent donors.
Numbers within each gate represent the
percentage of events falling within that gate
for the representative donor shown.

precursors. Paraffin-embedded pediatric tonsils were analyzed by
immunohistochemistry for the presence of TdT, CD34, CD1a,
CD11c, and Ragl. We confirmed that TdT* cells are largely
restricted to the extrafollicular regions near the fibrous scaf-
fold of the tonsil (Figure 6A). Further, these cells did not express
CD11c (data not shown) but did variably coexpress CD34, CD1a
(Figure 6B), and/or nuclear Ragl (Supplemental Figure 3). Fur-
thermore, CD34'CD1a" cells were easily identified in the same
region of the tonsil fibrous scaffold (Figure 6B). TdT* cells were
Volume 122 Number 4
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Putative T cell precursors in the human tonsil acquire T-associated antigens in a fashion similar to that of those in the thymus. (A) CD1a-
enriched tonsillar cells were gated on CD34-11c- events and analyzed for the expression of antigens on 3 populations: CD1a*CD3-,

CD1a*CD3+, and CD1a-CD3-. (B) CD34-depleted thymic cells were

gated on the same 3 populations and analyzed as in A. Gray shading

indicates staining with the indicated antibody, whereas no shading indicates staining with an isotype-matched control antibody. The number
listed above each gate indicates the percentage of events falling within that gate. Data in each histogram are from a representative donor,

where n > 3 for tonsil and n > 2 for thymic data.

identified in both pediatric and adult tonsil. Analyses performed
in adult reactive lymph nodes revealed that rare TdT* cells could
be identified, but no coexpression of CD1a or CD34 was observed
(data not shown). To further examine the microenvironment of
tonsillar TdT* cells, we used immunohistochemistry to analyze
the expression of the notch ligands delta-like 1 (DL1) and delta-
like 4 (DL4) within the tonsil fibrous regions, as notch ligands
are essential for complete T cell development (24-27). Both pro-
teins were easily identified (Figure 6C), further supporting the
hypothesis that the tonsil may contribute to extrathymic T cell
development. Taken together, these data suggest that the TdT*
cells previously identified in the tonsil belong to a program of
extrathymic T cell differentiation and localize to a specific micro-
environment near the tonsillar fibrous scaffold.

Ex vivo T cell differentiation potential of putative extratlhymic T cell pre-
cursors. To determine whether the putative extrathymic T cell pre-
cursors have the capacity to differentiate into mature T cells, the 6
populations were sorted from the tonsil and thymus, as shown in
Figure SA and Supplemental Figure 2, and were cultured on the
OP9-DL1 cell line with f1t3 ligand (FL) and IL-7. After 26 days, the
cells were harvested and analyzed by flow cytometry. To exclude
the GFP* OP9-DL1 cells, harvested cells were gated on GFP-CD45*
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events. Populations 1-3 from the tonsil and thymus expanded 93-
270 fold, whereas populations 4-6 only expanded 1-6 fold (Sup-
plemental Table 2). All 6 populations from the tonsil and thymus
gave rise to CD3" cells. In the tonsil and thymus, the percentage of
GFP-CDA45* cells that coexpress CD4 and CDS8 increased as the cells
progressed from population 1 to population 4 (Figure 7). Further-
more, in both the tonsil and thymus, the percentage of GFP-CD45*
cells that express CD3 increased as one progressed from popula-
tion 1 to population 6, as did the percentage of CD3" cells that
coexpress a TCR (Figure 7 and Supplemental Figure 4, A and B).
When we compared the relative ability of each tonsillar population
to generate mature T cells with that of the same populations in the
thymus, we found that population 2 and 3 cells from the thymus
generated a significantly higher proportion of CD3" cells than did
populations 2 and 3 from the human tonsil (population 2,51.9% +
7.0% from the thymus vs. 4.1% + 1.12% from the tonsil, P < 0.0001;
population 3, 57.23% + 4.8% from the thymus vs. 32.36% + 8.1%
from the tonsil, P = 0.0044; Supplemental Figure 4A). Similarly,
we found that thymic populations 2 and 3 generated significantly
more CD3" cells that coexpressed a TCR (either TCRaf or TCRyd)
than did the same populations in the tonsil (population 2,39.3% +
8.5% from the thymus vs. 1.41% + 0.6% from the tonsil, P < 0.0001;
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population 3, 44.1% + 7.2% from the thymus vs. 20.3% + 5.7% from
the tonsil, P = 0.0041; Supplemental Figure 4B). No statistical dif
ference was observed in the percentage of GFP-CD45" cells that
were CD3" or CD3*TCR* when we compared tonsillar populations
1,4, 5, or 6 with those same populations in the human thymus.
Several controls were performed to rule out contamination from
mature tonsillar T cells as being responsible for the observed out-
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Figure 5

Quantification of gene expression
in tonsillar precursor cells by real-
time RT-PCR. (A) Tonsillar cells
were depleted of CD19+ cells,
enriched for CD34+ and CD1a*
cells, and gated on the 6 popula-
tions shown. (B—E) Expression
of the genes RAG1, PTCRA,
BCL2L1, and THPOK in 6 popu-
lations of human tonsillar and
thymic cells. Cells were sorted
from 8 tonsil donors, and 2 pools
were generated for each popu-
lation consisting of cells from 4
of the 8 donors (see Methods).
Cells were sorted from 2 thymic
donors. (B-D) For analysis of
RAG1, PTCRA, and BCL2L1,
expression is displayed relative
to that of population 2, which
was arbitrarily set at 1. (E) For
THPOK, expression is displayed
relative to that of population 5 for
the tonsil and population 6 for the
thymus, each of which was arbi-
trarily set at 1.

growth of CD3* cells from cultures of populations 1-4. For exam-
ple, CD19" tonsillar cells were similarly sorted and cultured on
the OP9-DL1 cell line. After 26 days, no CD3* cells were generated
from the CD19 tonsillar cells. Thus, these data demonstrate that
CD34*CD384imLin-, CD34*CD38PrigheLin-, CD34*CD1a*CD3", and
CD34-CD1a*CD3" tonsillar cells (populations 1-4) contain differ-
entiation potential for T cell development ex vivo.
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To gain further insight into the kinetics of T cell development
from tonsillar precursor cells, we sorted populations 1-6 from
the tonsil and cultured them on the OP9-DL1 cell line with exo-
genous FL and IL-7 for either 7 or 14 days. Whereas a few of the
GFP-CD45" progeny were CD3" at days 7 or 14, only a very small
percentage of these CD3" cells coexpressed a TCR (Supplemen-
tal Figure 4, C and D). This suggests that TCR expression is an
event that occurs later in T cell development and confirms that the
appearance of mature T cells at 26 days is not simply an artifact
of contamination by tonsillar CD3*TCR* cells. Furthermore, in
26-day cultures with FL and IL-7 on the OP9 stromal cell line,
which lacks notch ligand expression, populations 1-4 from the
tonsil failed to generate CD3*TCR" T cells. Tonsillar populations
5 and 6, on the other hand, maintained a population of CD3*TCR*
cells in these conditions (data not shown).

Ex vivo NK cell differentiation potential of putative extvathymic T cell
precursors. Human NK cell development has been studied exten-
sively in human tonsils and lymph nodes (12-14, 28-31). To exam-
ine whether extrathymic T cell precursors could contribute to ton-
sillar NK cell development as well, the 6 populations identified in
Figure SA were cultured with FL, c-kit ligand (KL), IL-3, IL-7, and
IL-15 on the OP9 stromal cell line. Whereas cultures of popula-
tions 5 and 6 from both tissues remained exclusively CD3* (Figure
8A), populations 1-3 from both the tonsil and thymus gave rise
to CD56*'CD3" NK cells. Population 4 cells from the tonsil gave
rise to CD56"CD3" cells in 3 out of 3 experiments, whereas thymic
population 4 cells gave rise to CD56*CD3" cells in 1 out of 5 exper-
iments, although no population 4 cells survived in 3 out of these 5
thymic experiments. The resulting CD56" cells derived from tonsil
and thymus expressed CD161 and low levels of NKp46 (Figure 8, B
and C), along with variable expression of CDS, the latter of which
increased from less than 10% in tonsillar populations 1 and 2 to
more than 50% in populations 3 and 4.
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Figure 6

CD1a*TdT+ cells reside near the fibrous scaffold of the
human tonsil. (A) Immunohistochemical staining of paraffin-
embedded tonsillar sections shows TdT+ cells (dark brown)
localized to the fibrous scaffold region. The image on the left
(original magnification, x50) is of a representative section,
including a germinal center (GC), the surrounding interfollicu-
lar zone (IFZ), and an adjacent fibrous scaffold region (FS).
The image on the right is of the same tonsil section, but at an
original magnification of x100. (B) Cells coexpressing TdT,
CD1a, and CD34 are found within the scaffold region of the
tonsil. TdT (green) and CD1a (red) coexpression is shown on
the left, TdT (green) and CD34 (red) coexpression is shown
in the middle, and CD34 (green) and CD1a (red) are shown
on the right. Note the yellow cells in each section, which rep-
resent cells coexpressing both proteins of interest (yellow
arrows). Blue staining indicates hematoxylin counterstain. (C)
TdT (green), DL1 (red), and DL4 (red) proteins are expressed
in the same geographical region of the human tonsil. Original
magnification, x400 (B and C).

To further investigate the T and NK cell differentiation capa-
bilities of putative extrathymic T cell precursors in the tonsil,
single cells were sorted from tonsillar populations 1-4 into wells
containing OP9-DL1 cells and the cytokines FL, IL-7, and IL-15.
The individual cells were cultured in this system for 14 days. After
culture, each well was harvested and examined for the presence of
CDS5*CD3" T cell precursors, CD3* T cells, or CD56*CD3- NK cells
(Supplemental Table 3). Between 16% and 67% of the wells plated
sustained CD45* cells at the time of harvest. This assay demon-
strates that all 4 populations have the potential to differentiate
into CD5*CD3" T cell precursors and CD56"CD3~ NK cells and
that there was an increasing tendency for a single cell to generate
CD3* cells as one progressed from population 1 through popula-
tion 4. Occasionally, single cells from populations 2 and 3 gave rise
to wells containing both CD3* T cells and CD56°CD3 NK cells.

Discussion
We have identified S subsets of lymphocytes which we believe
to be novel within the human tonsil: (a) CD34*CD384i™mLin-,
(b) CD34*CD38bwishtLin-, (c) CD34°CD1a*CD11c, (d) CD34-
CD1a*CD3-CD11c, and (e) CD34-CD1a*CD3*CD11c cells. We
have provided phenotypic, gene expression, and functional evi-
dence that these subsets represent intermediates in a program of
extrathymic T cell development. Tonsil CD34*CD384mLin- and
CD34°CD38bie"Lin- cells share many phenotypic properties of
the same cells identified in the thymus and have differentiation
potential to develop into T cells and NK cells. Remarkably, the
CD34*CD1a*CD11C- cells identified in the tonsil display a phe-
notype that is virtually identical to that of thymic CD34*CD1a*
T cell precursors and display consistent T cell developmental
capabilities. Similarly, CD34-CD1a*CD11c" cells of the tonsil
highly resemble CD34-CD1a* cells of the thymus, in that they can
be divided into 2 populations based on the expression of CD3,
Number 4
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Figure 7

T cell differentiation potential of putative extrathymic T cell precursors in the human tonsil. (A and B) Cells were sorted from the human (A) tonsil
or (B) thymus, as indicated in Figure 5A. All 6 populations were cultured independently on OP9-DL1 cells with FL and IL-7 for 26 days. After
harvest, cells were analyzed for the expression of CD3, CD4, CD8, TCRaf}, and TCRyd. Data are gated on GFP-CD45* events to exclude OP9-
DL1 stromal cells from analysis. Data shown are representative of experiments performed with 7 individual tonsils or 4 thymus donors. Numbers
represent the mean percentages of GFP-CD45* cells that stained positive for both antigens indicated on the dot plot.

they coexpress CD4 and CD8, and they retain T cell developmen-
tal potential. Furthermore, in addition to identifying CD1a*TdT*
extrathymic T cell precursors in human tonsil, we have localized
the bulk of this population near fibrous scaffolding, suggesting
that it resides in a distinct microenvironment. Finally, we have
demonstrated that CD34*/-CD1a*CD11c" cells from the thymus
and tonsil are not committed to the T cell lineage but retain ex
vivo differentiation potential to also develop into NK cells.
While previous reports have identified a role for murine intes-
tinal lymphoid tissue in T cell development (32-35), the few
studies investigating human extrathymic T cell differentiation
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are difficult to interpret. It is known that uncommitted hema-
topoietic progenitors with T cell differentiation capabilities
reside within the bone marrow (6, 36, 37) and cord blood (24,
38). Furthermore, tonsillar TdT* cells of unclear etiology and
pre-Ta" cells within bone marrow and neonatal intestine have
been identified (4, 7-9). However, a complete description of
T cell differentiation in an extrathymic human tissue has not
been provided. Our work suggests that T cell development
occurs in the human tonsil, and future studies should address
what proportion of the total CD3" tonsillar pool is derived with-
in the tonsil compared with that from the thymus.
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NK cell differentiation potential of putative extrathymic T cell precursors in the human tonsil. (A) Tonsil and thymus cells were sorted as described
in Figure 5A. Sorted cells were cultured on OP9-GFP cells and cultured with FL, KL, IL-3, IL-7, and IL-15 for 18 to 19 days. Harvested cells
were gated on GFP-CD45+* events and analyzed for expression of CD3 and CD56. (B and C) GFP-CD45* progeny from populations 1-4 were
gated on CD3- events and analyzed for expression of CD56, CD161, NKp46, and CD5. CD3, CD56, CD161, and CD5 data are representative
of independent experiments performed with 3 tonsil or 5 thymus donors. NKp46 data are representative of 2 experiments performed with tonsil
donors or 3 experiments performed with thymic donors. No data (ND) are available for NKp46 or CD5 expression on progeny of thymic popula-
tion 4 cells, due to the low numbers of harvested cells. All dot plots and gate frequencies are from a representative experiment. Numbers within
each quadrant represent the percentage of events falling within that gate for the representative experiment shown.

It is intriguing to think of a scenario in which both the thy-
mus and tonsil are seeded by the same bone marrow-derived
CD34'CD384mCD45RA" progenitor that gives rise to NK cells and
T cells in each tissue. However, of the S populations identified,
we found the most substantial differences when comparing the
CD34*CD384mLin- and CD34*CD38i¢"Lin- populations from
the tonsil and thymus. Specifically, thymic CD34*CD384™Lin-
cells largely expressed the T cell-associated antigens CD2, CD7,
and CDS, whereas tonsillar CD34*CD384mLin- cells did not. Thus,
it is possible that these populations represent distinct progeni-
tors that independently seed the thymus and tonsil. Alternative-
ly, it is possible that the thymus and tonsil are seeded by similar
CD34*CD38dim progenitors but that the phenotype of these enter-
ing cells is rapidly altered by the thymic or tonsillar microenviron-
1412
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ment, as is seen in the mouse (39, 40). As demonstrated in Figure
2B, while a majority of thymic CD34*CD38%mLin- cells are CD7",
a few lack CD7 (4%-17%). Indeed, recent reports suggest that a
CD34"'CD45RA'CD10°CD7- cell seeds the thymus after birth,
and a CD34*CD45RA*CD10*CD7* precursor has yet to be identi-
fied in postnatal bone marrow or peripheral blood (5, 6). Thus,
it is possible that both tissues are seeded by the same circulating
CD34*CD384mCD10*CD7- hematopoietic progenitor and that
this cell is capable of giving rise to downstream T cell developmen-
tal intermedjiates in each tissue.

Regardless of whether the 2 tissues are seeded by the same pro-
genitor, it is intriguing that TdT* cells within the tonsil aggregate
in foci, surrounding fibrous scaffolding. Were the trafficking of
T cell precursors to the tonsil a random event associated with a
Volume 122
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“leaky” thymus, one would assume that the cells would perfuse
the tonsil in a scattered arrangement in the interfollicular zone
near mature T cells. However, the consistent aggregation of T cell
precursors near the fibrous regions of the tonsil suggests that this
space serves a unique anatomical function in supporting extrathy-
mic T cell precursor homing and/or maturation. This hypothesis
is further supported by the identification of Notch ligands, which
are required for complete T cell differentiation, within the same
regions of the human tonsil.

The capsule of the tonsil is highly invaginated into crypts, which
create a large surface area important for foreign antigen exposure.
Thus, the localization of T cell precursors to this fibrous region
may play a role in mucosal immunity. Alternatively, the thymus
is segregated to support different phases of thymocyte develop-
ment in anatomically distinct microenvironments (41-44), and
our finding of tonsillar CD1a*TdT" cells near the fibrous scaf-
folding, but not in the T cell-rich interfollicular zones, suggests
that perhaps extrathymic T cell development in the tonsil is also
anatomically divided to provide the proper microenvironment for
each phase of maturation. In the thymus, the least mature pro-
genitors enter the thymus at the junction between the outer cor-
tex and the inner medulla. These cells migrate outward until they
reach the subcapsular zone, which marks the division between the
fibrous thymic capsule and the cortex, and then they travel inward
toward the medulla to complete differentiation (43, 44). Future
studies should investigate whether the microenvironment of the
tonsillar fibrous scaffold is analogous to the subcapsular zone of
the thymus, in terms of supporting T cell development, or whether
it provides a unique signal directing the homing of extrathymic
precursors to this region of the tonsil.

This report also provides evidence for the expression of key genes
involved in TCR rearrangement within these tonsillar popula-
tions. Specifically, we found that populations 2-5 express mRNA
for RAG1, which is necessary for initiation of TCR rearrangement
(45), and for PTCRA, which is a molecular indicator that successful
TCR rearrangement has occurred (3). The expression of these 2
genes, along with TdT, suggests that somatic rearrangement of the
TCR may occur in the human tonsil.

In 1998, Spits et al. reported that CD34*CD1a* thymocytes gen-
erate only small numbers of NK cells (46). Since then it has gen-
erally been held that loss of CD34 and acquisition of CD1a are
associated with T cell commitment (1, 46, 47). Our findings con-
firm and extend their work in the thymus, in that we found that
CD34*CD38dim CD34*CD38bight and CD34*CD1a* thymocytes
and tonsil cells readily generate NK cells and that tonsillar CD34-
CD1a*CD11c cells also retain NK cell potential. Furthermore, some
CD56'CD3~ NK cells generated in our ex vivo cultures coexpressed
CDS5, and there was a relative increase in CD56*CDS*CD3" prog-
eny generated as one progressed from CD34*CD384mLin- cells to
CD34CD1a*CD11c cells. This suggests that the generated NK cells
are not merely a result of starting populations that were impure at
sorting but that a unique CD5* progenitor may be giving rise to the
CDS56'CD3 cells in cultures initiated with the CD34*CD1a*CD11c
and CD34-CD1a*CD11c subsets. Our finding that all 4 popula-
tions from the tonsil generate CD56'CD3- NK cells at the single
cell level as well substantiated these results. It has become evident
that the human tonsil is a significant site of NK cell development
(12-14, 28-31). However, whether or not differentiating CD34*/-
CD1a’CD11c cells that also express TdT contribute to the physi-
ological NK cell differentiation within this tissue remains unclear.
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That the tonsil does support T cell development could have sig-
nificant clinical and scientific implications. First, the role of tonsil-
lar T cell development in human disease is unknown. That T cells
can develop extrathymically in this tissue raises the possibility that
the tonsil may actually support the generation of autoreactive T
lymphocytes or even contribute to malignant transformation. Fur-
thermore, the role of extrathymic T cell development in the tonsil
during inflammation should be of future interest. In this study, we
have obtained pediatric tonsils from patients undergoing routine
tonsillectomy. While it can be presumed that the patients are afe-
brile at the time of surgery, the possibility that repeat or sustained
inflammation contributes to the presence of extrathymic T cell
development should be further explored.

Alternatively, the identification of an extrathymic reservoir of
human T cell precursors in normal individuals could suggest
clinical opportunities to enhance T cell regeneration in situa-
tions of thymic defect. For example, T cell deficiency is charac-
teristic in patients with poor thymic function due to complete
DiGeorge syndrome, chemoablation or radioablation, or surgical
thymectomy (48-52). Indeed, the efficient regeneration of viable
thymic tissue after total body irradiation for bone marrow trans-
plant continues to be a significant clinical challenge (49). In the
future it may be possible to harvest tonsillar T cell precursors or
healthy tonsil stroma via tonsillectomy in order to augment T cell
regeneration after transplant in the same individual. While these
possibilities remain speculative at the moment, the identification
of a program of extrathymic T cell development in the human
tonsil is a unique finding with potential implications for human
health and disease.

Methods
Human samples. Human tonsils and thymuses were obtained from
Nationwide Children’s Hospital (Columbus, Ohio, USA). Tonsils were
obtained from pediatric patients undergoing tonsillectomies, whereas
thymuses were obtained from children undergoing thoracic surgery. Par-
affin-embedded adult tonsils and reactive lymph nodes were obtained
from the Biospecimen Shared Resource at The Ohio State University,
and adult peripheral blood was obtained from the American Red Cross
(Columbus, Ohio, USA). Mononuclear cells were obtained from ton-
sils and thymuses after manual disaggregation and Ficoll-Paque cen-
trifugation. For experiments wherein tonsillar cells were enriched for
CD34-expressing cells only, total cells were depleted of CD19* and CD3*
cells by magnetic depletion and were enriched for CD34" cells using an
indirect CD34 Selection Kit (Miltenyi Biotec). For experiments in which
tonsillar cells were enriched for CD1a" cells only, total cells were deplet-
ed of CD19" cells and then magnetically enriched for CD1a-expressing
cells (CD1a magnetic beads, Miltenyi Biotec). To simultaneously enrich
for CD34- and CD1a-expressing tonsillar cells, CD19-depleted mono-
nuclear cells were subjected to positive selection using the indirect CD34
Selection Kit (Miltenyi Biotec) and CD1a magnetic beads (Miltenyi Bio-
tec) concurrently. To isolate thymic T cell progenitors, total thymic cells
were subjected to positive CD34 selection using the indirect CD34 Isola-
tion Kit (Miltenyi Biotec).

Flow cytometry and cell sorting. Antibodies used for flow cytometry were
purchased from BD Biosciences, except those for CD56, CD1a, CD127,
Nkp46, CD16, and CD161-PE (all from Beckman Coulter) and those for
CD161-APC, CD161-FITC, CD11¢-FITC, and BDCA-2 (all from Miltenyi
Biotec). Intracellular staining for TdT and icCD3g was performed after sur-
face staining using the BD Cytofix/Cytoperm Plus Kit (BD). Flow cytom-
etry was performed on a FACSVantage (BD) or LSRII (BD), and data were
Volume 122 Number 4
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analyzed using FlowJo software (Treestar Inc). Cell sorting was performed
on a FACSAria (BD). The complete gating strategy and a representative
purity assessment are shown in Supplemental Figure 2. Purities of sorted
populations were routinely more than 95% pure.

Immunobistochemistry. Immunohistochemistry was performed as
described previously (12,31, 53) using the UltraView Universal system (Ven-
tana Medical). Anti-TdT (1:100), o-CD1a (1:10), a-CD34 (1:100), a-CD11c
(1:100), a-DL1 (1:300), and a-DL4 (1:300) were purchased from Abcam,
and a-Ragl (1:10) was purchased from Santa Cruz Biotechnology Inc. For
immunohistochemistry involving a-DL1 and a-DL4, antigen retrieval was
performed for 30 minutes prior to staining. For immunohistochemistry
involving a-Ragl, antigen retrieval was performed for 30 minutes, along
with digestion in Ventana Protease 1 (1:100) for 4 minutes. Images were
obtained using a DP 12 camera, a BX50 microscope, and UPLANF1 objec-
tives (Olympus). DAB- and fast-red-stained sections were digitally convert-
ed to fluorescent green and red, respectively, using the Nuance FX system
(Cambridge Research & Instrumentation).

Differentiation assays. Cultures were performed in a-MEM plus L-gluta-
mine (Gibco) supplemented with 20% fetal bovine serum and penicillin G
plus streptomycin (100 ug/ml; Gibco), with 500-5,000 cells per well. Medi-
um was supplemented with the following cytokines as indicated: human
recombinant FL (100 ng/ml; Miltenyi Biotec), KL (100 ng/ml; Amgen), IL-3
and IL-7 (10 ng/ml; Miltenyi Biotec), and IL-15 (1 nM; Miltenyi Biotec).
T cell differentiation assays were performed as described previously (13, 24)
on OP9-DL1 cells (a gift from J.C. Zaniga-Pfliicker, University of Toronto,
Toronto, Ontario, Canada) with IL-7 and FL. NK cell differentiation assays
were performed on OP9 cells (a gift from J.C. Zasiiga-Pfliicker) with FL, KL,
IL-7, IL-3, and IL-15. For single cell cultures, individual cells from popu-
lations 1-4 of the human tonsil were sorted directly into 59 to 60 wells
containing OP9-DL1 cells, FL, IL-7, and IL-15 for 14 days. Medium was
changed every 4 to S days.

Real-time RT-PCR. Tonsillar populations 1-6 were sorted from 8 tonsil
donors, as shown in Figure SA and Supplemental Figure 2. From these,
we generated 2 pools for each population, with each pool containing cells
from 4 of the 8 donors and approximately 3,500 cells. 5,000 cells from pop-
ulations 1-6 were sorted from 2 thymus donors for comparison. RNA was
extracted using the RNeasy Micro Kit (Qiagen), and real-time RT-PCR was

—

performed as previously described (30), using ABI TagMan primer/probe
sets for PTCRA (probe Hs00300125_m1), RAGI (probe Hs00172121_m1),
BCL2L1 (probe Hs00236329_m1), and THPOK (probe_Hs01035470_m1).
Expression levels were normalized to 18S expression and were analyzed
using the comparative AOCT method (54).

Statistics. To investigate whether age or gender correlates with the per-
centage of CD34°CD1a*CD11c cells, a Spearman correlation and a 2-
sample, 2-tailed ¢ test were used. In reporting the percentages of CD3*
T cells generated in T cell differentiation assays, the mean percentage
+ SEM of GFP-CD45" cells was listed. For comparison of CD3" cells
generated from populations in the human thymus and those from the
tonsil, the linear mixed effects models were used to take account of
the correlation among observations from the same donor. After Holm’s
adjustment for multiple comparisons, P values of equal to or less than
0.005 were considered significant.

Study approval. Tonsillar, thymic, and peripheral blood samples were
obtained with approval of these experiments from The Ohio State Uni-
versity Comprehensive Cancer Center Institutional Review Board. As all
human samples were obtained as deidentified tissue, informed consent

was not required.
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