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Abstract

Thymic epithelial cells (TECs) and dendritic cells are essential for the maintenance of thymopoiesis. Because these stromal elements
define the progenitor niche, provide critical survival signals and growth factors, and direct positive and negative selection, detailed study
of these populations is necessary to understand important elements for thymic renewal after cytotoxic injury. Study of TEC is currently
hindered by lengthy enzymatic separation techniques with decreased viability. We present a new rapid separation technique that yields
consistent viable TEC numbers in a quarter of the prior preparation time. Using this new procedure, we identify changes in stromal
populations following total body irradiation (TBI). By flow cytometry, we show that TBI significantly depletes UEA+ medullary TEC, while
sparing Ly51+ CD45— cells. Further characterization of the Ly51+ subset reveals enrichment of fibroblasts (CD45- Ly51+ MHCII-),
while cortical TECs (CD45— Ly51+ MHCII+) were markedly reduced. Dendritic cells (CD11c+ CD45+) were also decreased following
TBI. These data suggest that cytotoxic preparative regimens may impair thymic renewal by reducing critical populations of cortical and
medullary TEC, and that such thymic damage can be assessed by this new rapid separation technique, thereby providing a means of

assessing optimal conditioning pretransplant for enhancing thymic-dependent immune reconstitution posttransplant.
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Introduction

Impaired thymopoiesis contributes to the immune deficiency
observed following lymphopenia or allogeneic hematopoietic
stem cell transplantation (HSCT).'* The thymus is the
fundamental site for de novo T-cell development where
thymocytes, expressing a diverse repertoire of T-cell receptors,
are generated. The thymus is also a major contributor to central
tolerance by deleting autoreactive T cells. In the absence of thymic
renewal following lymphopenia, an oligoclonal repertoire of T
cells is sustained, resulting in impaired eradication of tumors
and infections, and increased incidence of auto- or alloimmunity
(graft-versus-host disease).>” Clinical data suggest that
cytoreductive cancer therapies (chemotherapy and radiation)
induce thymic damage, compromising immune reconstitution
indefinitely after allogeneic transplantation and that minimizing
this damage may preserve thymic function. Reduced-intensity
transplant preparative regimens have been shown to result in
greater CD4+ T-cell numbers, a more diverse T-cell repertoire,
and higher peripheral T-cell receptor excision circle frequency
as compared to more toxic myeloablative regimens.®!! Thus,
study of the critical elements involved in thymic renewal and
ways to minimize thymic injury may be of critical importance to
successful immune reconstitution and patient survival following
HSCT and chemotherapeutic treatment for cancer.

Emerging data suggest that thymic renewal is dependent
on functional thymic epithelia. Agents that expand thymic
epithelia have been shown to increase thymopoiesis, including
androgen withdrawal,'>" insulin-like growth factor 1 and growth
hormone,'*'* and keratinocyte growth factor.'*'” Thymic epithelial
cells (TECs) mediate central tolerance and support thymopoiesis.
TECs produce essential growth factors (IGF-1, CXCL12),'*!81
cytokines (IL-7),” and chemokines (CCR7L, CCL25).'2*'-* These
elements enhance precursor immigration (CCL25, CCL21),'>%%
induce thymocyte proliferation and survival (IL-7),”**” and direct
thymocyte migration and development (CCL25, CXCL12).!>182
Furthermore, data have suggested that TEC may even regulate

the thymic niche, controlling the entry of early progenitors and
restricting thymopoiesis.'>** Thus, the study of TEC subsets
and their products should provide important clues regarding the
mechanism of thymus involution, damage, and regeneration.

To date, the study of TEC has been hindered by laborious
and time-consuming isolation techniques. Much work has been
devoted to the isolation and separation of TEC for subsequent
analysis.**>* TEC purification is challenging because TECs are
rare cells’; TEC interdigitate® with other TEC and thymocytes
and these connections are solidified by extracellular matrix and
collagen’®’; TEC viability may be quickly compromised because
of the extended manipulation time needed by current separation
techniques. Gray et al. developed the TEC isolation techniques
commonly cited in the literature.***" This method involves
agitation to remove thymocytes followed by four collagenase/
dispase/DNase digestions at 37°C with frequent agitation. At the
conclusion of each digestion step, undigested material remains at
the bottom of the tube and the supernatant containing separated
cells is removed and placed on ice. Replacement enzyme cocktail
(collagenase/dispase/DNase) is then added to the remaining
fragments for further digestion. While this technique successfully
separates TEC, permitting phenotyping by flow cytometry analysis,
the TEC and thymocyte flow cytometry profiles of each digestion
fraction are markedly different.® Thus, the subtle changes in
the length of exposure to the enzyme cocktail®® could influence
the ultimate result, resulting in variable final cell numbers and
proportions of TEC even in the same murine cohort.

Given the difficulty of TEC purification, many studies have relied
on immunohistochemical techniques that are potentially subjective
in their interpretation and often inconsistent due to variations
in the field examined. Assessment of the roles played by various
thymic events, such as involution, thymic injury, and regeneration,
have therefore been compromised. These considerations may be
especially important for the analysis of TEC after insults such as
chemotherapy or radiation as commonly employed in HSCT. With

'Experimental Transplantation and Immunology Branch, National Cancer Institute, NIH, Bethesda, Maryland, USA; 2Experimental Immunology Branch, National Cancer Institute, NIH,

Bethesda, Maryland, USA.
Correspondence: KM Williams (williaki@mail.nih.gov)

DOI: 10.1111/}.1752-8062.2009.00128 x

WWW.CTSJOURNAL.COM

VOLUME 2 - ISSUE 4

CTSs 279




Williams et al. = RAPID THYMIC EPITHELIA PREP REVEALS RADIATION DAMAGE

280 CTS

these cytotoxic therapies, the total thymus anlage is decreased,
raising the likelihood that immunohistochemical studies may be
subject to variations in the size and depth of sections examined.
Using this technique, while studies concur that thymocytes are
more radiosensitive than TEC,”** assessments of TEC alterations
after radiation have differed. Some have suggested that the major
effects may occur in the medulla with selective depletion of UEA+
medullary TEC**' and medullary dendritic cells.*” In contrast,
others have published that the prominent difference after irradiation
involves subcortical cells with either an upregulation of K5+K8+
cortical TEC* or increase in subcapsular cells,” or a collapse of
cortex without alteration in cortical TEC numbers.*” Additionally,
although vascular elements have been reported to appear more
prominent, most studies agree that, at 1 week postradiation, this
is likely to be an artifact of the test without a true difference in
blood vessels between groups.””** The disparate assessments of
TEC changes postirradiation are largely due to inconsistencies
in the preparative technique, indicating that a new technique for
stromal evaluation is needed.

To best quantify the alterations in TEC, vascular, and dendritic
cell subsets after cytotoxic injuries, TEC should be efficiently
isolated into single cell suspension with a reproducible technique
for subsequent identification. Here, we propose a new method
of TEC isolation and evaluate the product of this method by
flow cytometry analysis and laser scanning cytometry. We show
that this rapid method effectively isolates TEC, endothelial
cells, and dendritic cells and yields consistent cell numbers and
proportions. We then demonstrate that this method is sensitive
enough to detect changes in subsets and total cell number following
nonmyeloablative irradiation. These data reveal significant depletion
of UEA+ medullary TEC, dendritic cells, and cortical TEC, with an
enrichment of fibroblasts following irradiation injury.

Materials and Methods

Animals

Age-matched C57BL/6(B6) female mice were purchased from
the Animal Production Unit, National Cancer Institute. Animal
care and experimental procedures were carried out under NCI-
approved protocols.

New thymic epithelial cell preparation

Thymi from three 4- to 6-week-old female mice were prepared using
new TEC preparation method. The thymi were gently separated
using forceps. Thymocytes were removed by applying pressure with
the head of a syringe to the thymi and washing the remnants three
times with RPMI (Invitrogen, Carlsbad, CA, USA). Thymocytes
were collected through a 40-um mesh. The thymic remnants
and any cells caught in the thymocyte mesh were placed in a
20-mL gentleMACS “C” tube (Miltenyi Biotec, Bergisch Gladbach,
Germany). Thymic remnants were resuspended in 10 mL of
digestion cocktail (0.03 g Liberase Blendzyme 4, Roche Diagnostics,
Indianapolis, IN, USA) reconstituted in RPMI and 624 mg DNasel
(tissue culture grade, reconstituted with magnesium). The samples
were mechanically disrupted using the Spleen 02 setting on the
gentleMACS dissociator, followed by 15-minute digestion at 37°C
in the above enzyme cocktail with continuous rotation. Following
digestion, the samples were again disrupted using the Spleen 01
setting on the gentleMACS dissociator. The reaction was halted
with albumin-rich buffer (500 mL phosphate buffered saline, 0.5%
bovine serum albumin, and 2 mM ethylenediaminetetraacetic acid).
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The tubes were spun for 7 minutes at 1200 rpm, the supernatant
discarded, and the pellet reconstituted with 5 mL of the albumin-
rich buffer. At this point, a single cell suspension was evident and
the cells were passed over a 40-um filter and counted.

Flow cytometry

Single cell suspensions of enriched purified stromal populations and
thymocytes were evaluated by flow cytometry. All flow cytometry
specimens were incubated with 2.4G2 blocking antibody (anti-
mouse CD16/CD32) prior to staining. Samples were labeled using
combinations of the following antibodies: CD4 (RM4-5), CD8
(Caltag), UEA (Vector), Ly-51 (BP-1), CD45 biotin (30-F11), CD45
Pacific Blue (30-F11, Invitrogen), MHC class I (25-9-17), EpCAM
(Biolegend G8.8). Biotinylated antibodies were developed with
streptavidin Pacific Blue (Invitrogen) or PeCy7 (for EpCAM). All
antibodies were purchased from BD Biosciences unless indicated
otherwise. Isotype controls were utilized for all rare populations,
included in full minus one controls. Propidium iodide was used
in conjunction with CD45 biotin (developed with streptavidin
Pacific Blue) to identify live stromal cells. Panels were acquired on
an LSR1II flow cytometer (BD Biosciences). All data were analyzed
using FlowJo software (Treestar Software). The MHC class II in
Allophycocyanin (APC) demonstrated broad range of staining
intensity; however, this was not problematic since none of the other
fluorochromes required compensation.

Immunofluorescent staining and analysis of tissue sections
Single cell suspensions of enriched purified stromal populations
and thymocytes were evaluated by immunohistocytometry. Cells
were incubated with 2.4G2 blocking antibody prior to staining.
Samples were labeled using combinations of the following
antibodies: CD4 (RM4-5), CD8 (Caltag), UEA (Vector),
Ly-51 (BP-1), CD45 biotin (30-F11), MHC class II (25-9-17).
Biotinylated antibodies were developed with APC-conjugated
streptavidin. All antibodies were purchased from BD Biosciences
unless indicated otherwise. Hoechst DNA dye (Cambrex Bio
Science, Walkersville, MD, USA) was used for visualization of
cells. Analysis was done using an iCys laser scanning cytometer
(Compucyte Corporation, Westwood, MA, USA) equipped with
488, 594, and 405-nm lasers (for excitation of FITC, Texas red,
and Hoechst 33342, respectively). Cells were scanned in 746 x
100 um sections at a 0.5-um resolution.

Quantitative reverse transcriptase-PCR

TECs were spun down for 5 minutes at 1,000g and resuspended in
RNAlater (Qiagen). Total RNA was prepared using an RNAeasy
mini RNA isolation kit (Qiagen). cDNA was prepared using the
Superscript® IIT RT kit (Invitrogen). Quantitative polymerase
chain reaction (PCR) was performed on the Light Cycler 480
using the monocolor hydrolysis probe protocol (Roche).

Statistical analysis
Statistical analysis was performed using Statview 5.0.1 software.
All studies were analyzed using unpaired Student’s ¢-test.

Results

New rapid separation TEC preparation generates healthy
subpopulations

We first investigated whether the new TEC preparation could
adequately provide live TEC for flow cytometry evaluation.
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Following the new TEC digestion technique, TEC could be
consistently identified using flow cytometry (Figure 1A-C).
Furthermore, individual live cells (TEC, thymocytes, dendritic
cells) could be visualized by immunohistochemistry (Figure 1D-F).
Based on propidium iodide discrimination of dead cells, greater
than 95% of the total cells in the TEC fraction and greater than
70% of the CD45 negative fraction were viable after preparation
with this technique (Figure 1G). All TEC extractions were
accomplished in 30 minutes from thymic anlage to TEC single cell
suspension. Compared with published TEC preparations,” the
new method yielded more easily discernable TEC populations and
greater TEC viability. Although the total cell viability exceeded
95% in both methods, the proportion of live cells in the CD45
negative fraction from the previously published method was less
than 50% compared to greater than 70% from all experiments with
the new method. The new method also improved TEC separation
and led to increased recovery of TEC populations, defined by the
expression of EPCAM and MHC II, with UEA or Ly51 positivity
(Figure 1H).

New technique consistently isolates TEC, endothelial cells,
and dendritic cells

Having demonstrated that this technique preserves cell viability
and protein expression necessary for flow cytometry analysis, we
next evaluated the consistency of this method.

Comparing six groups (18 mice) across different days and
with different technicians yielded very similar total proportions
and total number of TEC (Figure 2A and B). Finally, dendritic
(CD45+ CDl1l1c+) and endothelial cells (CD45— CD31+) were
also captured consistently (Figure 2C and D).

New digestion method reveals alterations in thymocyte
and TEC populations following irradiation

Having observed that this method of TEC preparation yielded
consistent numbers of live cells, we next utilized this method
to determine if we could identify changes in TEC following
irradiation therapy in a murine model. In order to identify the
optimal dose for these experiments, we first determined the effects
of increasing radiation doses on thymic size. A linear decrease
in thymus weight was observed following escalating radiation
doses (Figure 3). A dose of 750 cGy resulted in a significant but
moderate decrease in thymus size and was thus chosen to test if
our new method could identify radiation-induced changes in TEC
populations. We then utilized the new TEC preparation method to
evaluate the effect of radiation on TEC and thymocytes. One week
after irradiation, the thymic weights and thymocyte number were
significantly decreased (Figure 4A). The proportions of thymocytes
were also altered after radiation, with a significant depletion of
CD4+ and CD4+ CD8+ thymocytes and relative enrichment of
CD4- CD8- cells (Figure 4B). Similarly, the stromal populations
were differentially affected by radiation. There was a total cell
loss of medullary UEA+ TEC, cortical Ly51+ MHC class II+
TEC, and CD45— UEA—Ly51— cells (Figure 4C and D). Radiation
selectively decreased the proportion of UEA+ TEC (especially
the MHC II high fraction) and MHC class 11+ Ly51+ TEC
(Figure 4E and F). In contrast, the proportion of Ly51+ cells
was increased due to enrichment of fibroblast cells (Ly51+
MHC class II-) (Figure 4E). Decrease in TEC number following
irradiation was confirmed by a decrease in total EpCAM gene
expression in the digested samples determined by quantitative
RT-PCR (Figure 4G). Similar to TEC, dendritic cells were also
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significantly depleted following irradiation, while endothelial
cells were unaffected (Figure 4H).

Discussion

Emerging clinical data suggest that thymic renewal following stem
cell transplantation is critical for optimal immune reconstitution
and immunotherapy. Multiple studies have shown that TECs play
a critical role in the process of thymic renewal by demonstrating
the role of these cells in limiting the thymic niche size, production
of factors that fuel thymopoiesis, and mediate central tolerance.
The thymic dysfunction that often ensues following stem cell
transplantation has been attributed, in part, to the effects of
the preparative regimen on TEC. To date, the evaluation of this
hypothesis has been hindered by the available techniques for
TEC isolation.

To reduce the inconsistencies found in the most commonly
used TEC preparation technique, we developed a new method
of TEC isolation that incorporated successful elements from
the technique originally described Gray et al.***' The main
impetus for this new method was to obviate the need for multiple
digestions that might alter viability, proportions, or cell number.
Using a new machine that enables mechanical disruption of TEC,
we developed a technique that minimized the amount of time
required for digestion. Furthermore, incorporating continuous
rotation of the sample during digestion also enhanced the
separation during a single enzymatic step. We first generated
data that showed that this new technique yielded consistent,
viable cell numbers of endothelial, epithelial, and dendritic
cell, even when performed by multiple investigators at multiple
times. Importantly, cell viability was enhanced in the stromal
populations of interest. Because the Liberase 4 enzyme can cleave
the CD11c epitope used to identify the dendritic cell population,
it is possible that dendritic cell numbers are underrepresented,
although the proportion of dendritic cells was equivalent to that
revealed by the collagenase/dispase method (data not shown).
Given that MHC class II staining was not incorporated into the
analysis, the proportion of dendritic cells may also be slightly
overrepresented as approximately 15% of CD45+ CD11c+ cells
(with the new method) lack MHC class II, a requirement for
dendritic cell identification.

Having generated data showing that this new TEC isolation
method was consistent, we next hypothesized that we could
sensitively detect changes in thymocytes and thymic stroma
following nonmyeloablative irradiation. Prior studies had
suggested that the thymocytes were more susceptible to cell death
from radiation than the stroma*® using immunohistochemical
techniques. We show that thymocyte number is more significantly
affected than TEC after irradiation by enumeration of cell number
of both populations in the same cohort of mice. Studies had
also suggested that medullary epithelia and dendritic cells were
decreased.** QOur data corroborated this work and provided
further insight. First, we demonstrated a decline in both total
cell number and proportion of UEA+ medullary cells. Next, we
evaluated the cortical TEC compartment and demonstrated a
significant increase in fibroblast number (CD45-LY51+ MHCII-)
and concomitant decrease in LY51+ cortical TEC by incorporating
MHC class II expression into the phenotype analysis. Finally, we
also demonstrated that endothelial cell number did not change
with this dose of radiation, consistent with suggestions from prior
studies showing a prominence of vasculature due to thymocyte
loss rather than changes in endothelial populations.*
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Figure 1. TEC subset identification by flow cytometry and immunohistochemistry. TEC populations were enumerated by flow cytometry, with medullary TEC defined
as CD45— UEA+, cortical TEC as CD45- Ly51+ MHC class |1+ and a triple-negative population of CD45— UEA- Ly51—. Representative flow cytometry plots are shown for
(A) gating of CD45 negative population and (B) discrimination of medullary UEA+ TEC and Ly5 1+ populations (cortical TEC and fibroblasts) within the CD45— population,
and finally (€) MHC class Il staining on CD45- Ly51+ to discriminate cortical TEC from fibroblasts and CD45- UEA+ cells (MHC dlass Il high-proliferating population from
the MHC class Il intermediate population). For the MHC class Il flow cytometry plot, the isotype control is light gray; MHC class Il-specific staining is black. TEC populations
were directly visualized using immunohistochemical analysis of TEC preparation samples with or without CD45 column depletion. Hoechst DNA dye was utilized to identify
live cells. Representative images demonstrate easily discernable single cell suspension of medullary TEC absent CD45 (red) with large nuclei (blue) UEA+ (green FITC)
(D), likely cortical TEC absent CD45 (red) with Ly51+ (PE yellow) and large nuclei (blue) (E), and a thymocyte expressing CD45 (red) with small nuclei (blue) in the lower
aspect of the picture with likely dendritic cell (CD45 red positive with large nuclei) in the upper portion of the picture (F). By flow cytometry, viability of the total cell popula-
tion and the CD45 negative fraction within the TEC fraction using propidium iodide to discriminate dead cells is shown (graph represents four separate TEC preparations of
age-matched mice) (G). Representative flow cytometry plots are shown for comparison of the previously published TEC preparation method and the new method (H). The
dot plot to the left demonstrates side scatter versus CD45; subsequent plots reveal populations within the CD45 negative fraction, showing MHC class Il versus EpCAM and
EpCAM+ Ly51+ (cortical) or UEA+ (medullary) TEC.
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Figure 2. The new method for TEC isolation is reproducible and consistent. Six groups of three age-matched thymi (18 total) were subjected to the new method for
TEC isolation using greater than two technicians over multiple days. TEC, dendritic cells, endothelial cells, fibroblasts, and thymocytes were enumerated by flow cytometry after
separation using the new method. The proportions of each population within the CD45 negative fraction (A) and total numbers (B) were consistent across experiments and
technicians. The dendritic cell (€) and endothelial cell (D) numbers were also reliable across experiments and examiners (standard error bars shown for each population).
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Figure 3. Irradiation linearly decreases thymic size. Six groups of thymi (five
per group) received a single dose of radiation and were sacrificed 1 week later with-
out stem cell rescue. The thymic weights were decreased with escalating radiation
dose in a linear fashion (standard error bars shown).

These studies may have significant clinical ramifications.
Data suggest that UEA+ medullary cells contain the highest
concentration of the autoimmune regulator gene-expressing cells,
a gene critical for the genesis of central tolerance.* Furthermore,
these medullary TECs have been previously implicated in
thymic regeneration after androgen withdrawal and IGF-1
administration.'>' Thus, the significant loss of medullary TEC
may compromise thymic selection, tolerance, and even the ability
for thymic renewal. Furthermore, our studies suggest that not
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only the thymic cortex collapses after irradiation as shown by
Randle-Barrett et al.,* but also this collapse is accompanied by
significant cortical cell loss in total number and proportion.
Cortical TECs provide important signals and factors for early
thymocyte development. The increase in fibroblasts likely
confers a long-term decrease in thymic function through the
generation of scar tissue. Kelly et al. have shown that thymic
renewal following lethal radiation is enhanced by TEC recovery
by showing improved thymic function after lethal radiation
with a combination of agents that induced TEC proliferation:
androgen withdrawal and keratinocyte growth factor.* Thus, our
data and previous data from others suggest that TEC function
may underlie the capacity for thymic renewal following stem cell
transplantation. Furthermore, in addition to the opportunities
for thymic expansion using agents that promote proliferation
of TEC, thymopoiesis may also be preserved through TEC-
sparing preparative regimens. Studies are underway using this
new technique to determine which agents maintain the survival
and proliferative capacity of TEC, to design the optimal thymic-
sparing bone marrow transplant preparative regimen.

Conclusion

In summary, these data suggest that this effective, consistent, and
rapid method of TEC isolation can detect subtle changes in thymic
stromal population that demonstrate a depletion in medullary and
cortical TEC, dendritic cells, and an enrichment of fibroblasts—all
of which may play a significant role in the thymic dysfunction
observed following stem cell transplantation.
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Figure 4. Irradiation selectively decreases cortical and medullary TEC and dendritic cells while sparing fibroblasts and endothelial cells. Six groups of three
mice each (18 total) were sacrificed 1 week after receiving 750-cCy irradiation. Using the new isolation method, the separated products (TEC-enriched and thymocytes)
were analyzed using flow cytometry. Data represent six experiments with standard error bars. (A) Thymic weight and thymocyte number were significantly decreased after
irradiation (p < 0.01). (B) The proportion of single-positive CD4+ and CD4+ CD8+ double-positive thymocytes were significantly decreased following radiation, while the
double-negative cells were enriched (p < 0.01). The proportion of TEC increases following irradiation (C); however, the total number of TEC is decreased (D). Representa-
tive dot plots demonstrate a smaller percentage of TEC in the control mice with greater proportion of UEA+ TEC and MHC class Il staining on the Ly51 positive cells (C). In
contrast, the proportion of Ly51+ MHC class Il negative cells is greater in the irradiated cohort. This is demonstrated graphically (E). Because published data have suggested
that MHC class Il high UEA+ cells proliferate to the greatest extent,*® TECs were individually analyzed with regard to MHC class Il expression to identify changes in these
subpopulations (F). The greatest cell loss was in the UEA+ MHCII high population (3-fold depletion), although cortical TEC populations were also significantly decreased. For
the MHC class 11 flow cytometry plot, the isotype control is light gray; MHC class Il-specific staining is black. Loss of TEC number following irradiation was confirmed by RT-PCR
of EpCAM gene expression in digested samples (G). EpCAM was normalized to GAPDH; total CD45 negative numbers were then used to normalize to stromal fractions.
Finally, the dendritic cell number is significantly decreased following irradiation, while the endothelial cell number is unaffected (H).
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