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DISSECTING T CELL LINEAGE RELATIONSHIPS BY CELLULAR BARCODING

INTRODUCTION

To ascertain whether different cell types have a common or separate ancestor has
generally been difficult. Historically, differentiation assays have been used to study
lineage relationships. In most of these assays, the in vitro or in vivo developmental
potential of progenitors with a homogeneous phenotype is studied under different
conditions. However, the finding that a phenotypically homogeneous cell population
can give rise to two types of cellular output does not necessarily imply that individual
cells within the population are multipotent. This problem can be remedied by the use
of clonal assay systems in which the cellular output of a single (injected) cell is studied,
but the difficulties of single cell experiments preclude its use in many settings. An
appealing strategy to address this issue is the use of larger pools of progenitor
cells in which each individual cell carries a mark that allows one to distinguish its
offspring from the offspring of other cells. In previous studies, the site of random
retroviral integration has been used as a marker to identify the progeny of individual
hematopoietic cells by Southern blot analysis or PCR'3. Furthermore, Golden et
al.* have previously used a sequencing-based detection technique to study lineage
relationships between different cell populations in the developing brain by retroviral
tagging. In this paper, we extend this general concept to a high-throughput approach
in which individual progenitor cells are tagged with a molecular barcode that can
be analyzed by microarray hybridization. This technique allows a high-throughput
analysis of differentiation and migration patterns of families of cells. We demonstrate
the utility of this technology by dissecting the kinship of antigen-specific T cells that
accumulate at priming and effector sites during local antigen-driven T cell responses.
This technology will be of value in addressing lineage relationships and progenitor
potential of T cell subsets and other subsets of hematopoietic cells.

RESULTS

Dissecting lineage relationships by cellular barcoding: general strategy and proof of
principle

To uniquely tag individual cells with molecular barcodes, we generated a retroviral
plasmid library, consisting of ~5,000 different plasmids. Each plasmid contains GFP
as a marker gene and a so-called barcode, formed by a semirandom stretch of 98
bp of noncoding DNA. To allow for rapid analysis of barcodes present within a given
cell population, each barcode present in this library was also amplified individually by
PCR and spotted on microarray slides, resulting in a barcode microarray. In a typical
experiment, cells are labeled by retroviral transduction with the barcode library and
reintroduced into mice. After in vivo expansion and differentiation of the barcode-
labeled cells, barcodes present in different subsets of cells are recovered by PCR,
fluorescently labeled, and hybridized on the barcode microarray. Determining the
overlap of barcodes between different subsets by cellular barcoding (Fig. 1A) should
then allow one to determine the kinship between these cell populations. In addition
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Figure 1. Cellular barcoding
strategy. (A) To allow the
analysis of lineage relationships
between cell populations,
a retroviral plasmid library
was constructed containing
a GFP marker gene and a
semirandom stretch of 98 bp of
noncoding DNA (the barcode).
The barcodes that are present
in this library were amplified by
PCRand individually spotted on
microarray slides. In addition,
from this plasmid library, a
retroviral library was generated
that is used to transduce T cells
or other cells. Barcode-labeled
cells are introduced into mice
to allow proliferation and
differentiation, and at different
time points after infusion,
populations of cells can be
isolated for kinship analysis
by comparing the barcodes
present within the different cell
populations. Barcode analysis
is performed by hybridization
on microarray slides containing
the individual barcodes. (B)
Analysis of a hybridization with
PCR products of 273 individual
E. coli clones of the master
library. The PCR products were
pooled into three pools (A, B,
and C), each containing PCR
products of 91 clones. The

x-axes show nonnormalized
fluorescence intensities  of
a Cy3-labeled sample that

contains PCR products of pools
A and B, and the y-axes show
nonnormalized  fluorescence
intensities of a Cy5-labeled
sample that contains PCR
products of pools B and C.
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Barcodes that are present in pools A, B, and C are plotted on the left and are labeled
green, blue, and red, respectively. Barcodes that are not present in pools A, B or
C are plotted on the right. Colored numbers indicate the percentage of barcodes
present in the respective gates (black rectangles) as a percentage of the total number
of barcodes that is present in the corresponding pool.
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to the retroviral barcode library used here, a lentiviral barcode library was prepared
to allow tagging of quiescent cell types that are refractory to retroviral infection
(unpublished data).

Before assessing the feasibility of kinship analysis, we first established whether
the barcode microarray shows any crosshybridization between different barcodes
present in the barcode library. When the barcode microarray was hybridized with
PCR products of 273 individual Escherichia coli clones of the master library that were
labeled with Cyanine-3 (Cy3), with Cy5, or with both Cy3 and Cy5 dyes, no detectable
crosshybridization between different barcodes was observed (Fig. 1B). Second, as
the effective size of the barcode library will decrease proportionally with the number
of barcodes that is introduced per cell, we also established retroviral transduction
conditions under which the mean number of barcodes per cell is close to one (Fig. S1).

As a first test of the barcoding technology, we assessed whether cellular barcoding
can be used to analyze kinship between cell populations that are either kin or nonkin.
For this purpose, OVA-specific MHC class |-restricted T cell receptor transgenic OT-|
T cells were transduced with the barcode library. Subsequently, sorted barcode-
labeled OT-I T cells were i.v. injected into mice that were then challenged with antigen
(i.v. challenge with Listeria monocytogenes encoding OVA [LM-OVA]). At day 7 after
challenge, the OT-I T cell pool present in the spleen was split into two samples (which
are evidently derived from the same pool of precursors), hereafter referred to as half-
samples. From the genomic DNA of these half-samples, barcodes were recovered by
PCR, labeled with Cy3 and Cy5 dyes, and cohybridized on the barcode microarray.
Resulting data are presented in two-dimensional plots, depicting the Cy3 and Cy5
signals of each individual spot on the barcode microarray. In these plots, each dot
represents a clone (or family) of cells that are the progeny of a precursor containing
a specific barcode. The presence or absence of a barcode within a cell population
is then determined by calculation of the distribution of background signals from
averaged Cy3 and Cy5 signals, as described in Materials and methods. When two
half-samples from the same spleen are compared for the presence of barcodes, >85%
of the barcodes that show detectable signal in one of the spleen samples is also
detected in the other half-sample (Fig. 2A, left and middle). In contrast, when barcodes
recovered from spleen samples of two different mice (representing two cell pools that
are nonkin) are compared, the barcodes that are detected are largely unique to either
one of the spleen samples (Fig. 2A, right). The small percentage of the barcodes
that is shared between the T cell populations in the two mice is close to the overlap
that is expected based on chance (i.e., the introduction and activation of T cells that
by chance have the same barcode in the different mice; Fig. 2A, legend). Together
these data indicate that cellular barcoding can distinguish between cells that are kin
or nonkin and establish the patterns of barcode overlap that may be expected under
conditions of full kinship or lack thereof.

73



A Spleen1vs1 Spleen2vs2 o  Spleen1vs2
- @t 10476 177] e 221  §110¢[210 17
£o ; o
88| 108 & | 100
° E
83 , £
S| 102 o | 102
SE 4 4 3 ’
<40 13 27] 81 1o 173
100102 10° 10410' 102 10° 10* &  10' 102 10° 104
r=0.927 r=0.969 r=-0.664
> R
Barcodes in half-sample A Barcodes in Spleen 1
B equal 2 fold 4 fold 8 fold o
5 gg 1016 327| [25 I 308/ (33 T 300| et ] 272 172 | 161
& G Do ; LT R
E .E % 10: '-’?;5 ,, 3
9 £ g & :
odg 2| y g ; K {
FHI ’ ” ’ ’
& @0 | 1o 18 o 31 L 32 30 i 29
10" 102 10° 104 10' 102 10° 10¢ 10' 102 10° 10¢ 10' 102 103 10¢ 10' 102 103 10¢
r=0.938 r=0.838 r=0.789 r=0.704 r =0.200

1:1 3:1 71 15:1 1:0

Barcodes in a x:y gDNA mixture of two spleens

Figure 2. Proof of principle and sensitivity of kinship analysis by cellular barcoding.
(A) Barcode analysis of indicated samples (at day 7 after challenge) from mice that
received 1,000 barcode-labeled OT-I T cells and that were subsequently challenged
by i.v. LM-OVA infection. Plots represent the fluorescence intensities of the barcode
microarray spots. Left and middle: Dot plots of barcode analysis of T cells isolated
from two half-samples from the same spleen for two individual mice. Right: Dot plot
of barcode analysis of T cells isolated from spleens of two different mice. Numbers
indicate the number of barcodes present in each quadrant (black rectangles; cutoff
used, P < 0.0005). With the assumption that ~3,300 of the 4,743 barcodes can
effectively be used for lineage analysis (supplemental Materials and methods) and
that each barcode has the same probability to participate in the T cell response, the
expected overlap between barcodes present in the two unrelated cell populations in
A'is 200/3,300 x 200 = 12 (in which 200 is the approximate number of barcodes within
a half-sample of a spleen), which is close to the observed overlap between the two
unrelated samples (i.e., 17 barcodes). (B) Barcode analysis of genomic DNA mixtures
of the two spleen samples shown in A. Plots represent the fluorescence intensities of
the barcode microarray spots. The y-axes show fluorescence intensities of a sample
that contains a 1:1 mixture of genomic DNA of spleen 1 and 2. The x-axes show
fluorescence intensities of samples that contain a 1:1, 3:1, 7:1, 15:1, or 1:0 mixture of
genomic DNA of spleen 1 and 2, respectively. Barcodes uniquely present in spleen
1 and spleen 2 are labeled green and red, respectively. Numbers above each plot
indicate the level at which the cells of spleen 2 are overrepresented in the sample on
the y-axis as compared with the sample on the x-axis. R values represent the correlation
between hybridization signals of all barcodes present in either spleen 1 or 2.

Subsequently, we determined whether cellular barcoding can also detect more
subtle differences in kinship, reflecting situations where only part of the T cells in
two effector T cell pools has a common ancestor in the naive T cell compartment
or where the progeny of a given naive T cell is enriched but not unique to a certain
T cell population. For this purpose, we performed microarray hybridizations of barcodes
isolated from genomic DNA of two spleen samples that were mixed at different ratios

74



DISSECTING T CELL LINEAGE RELATIONSHIPS BY CELLULAR BARCODING

(1:1,3:1,7:1,15:1, and 1:0). In the most extreme situation, where part of the barcodes
is unique to one of the samples and the remainder is shared (i.e., the 1:1 versus 1:0
comparison; Fig. 2B, right), those barcodes that are common or private (represented by
green and red dots, respectively) are readily distinguished. Furthermore, in situations
where part of the barcodes is overrepresented 2-8-fold in one of the samples, these
barcodes (Fig. 2B, red dots) become progressively separated from the other barcodes.
In the analysis shown in Fig. 2B, relatedness of cell populations is revealed by grouping
barcodes as either shared or private (i.e., present in either the top right quadrant or
the bottom right/top left quadrant). As an alternative measure of relatedness, the
correlation between the Cy3 and Cy5 hybridization signals for each barcode can be
used. Analysis of the data in Fig. 2B by such correlation analysis demonstrates that
an increasing difference in the frequency of half of the barcodes in two samples leads
to a progressive loss in correlation (Fig. 2B, r values). These data indicate that cellular
barcoding can be used to reveal cellular progeny that are enriched in a certain cell
population and demonstrate that the fluorescence intensity of barcode microarray
signals correlates with the frequency at which a specific barcode is present within

a certain sample.

Dissecting kinship between antigen-specific T cells at distinct priming and effector
sites

Having established the feasibility of lineage analysis by cellular barcoding, we
assessed whether T cell families that accumulate at distinct priming and effector sites
share common ancestors in the naive T cell pool. It has previously been shown that
T cell subsets can be distinguished on the basis of differential expression of chemokine
receptors and adhesion molecules, and such differential expression is thought to
guide the migration of these subsets to distinct sites in the body®”. For instance, it has
been shown that T cells that are activated in vitro by dendritic cells from gut draining
LN (DLN) or skin DLN preferentially migrate to the corresponding effector site'®'2
upon reintroduction. To determine whether selective migration of T cells also occurs
upon antigen encounter in vivo in a case where there is a choice between two antigen-
positive effector sites, we analyzed the kinship between antigen-specific T cells in
a dual challenge model. For this purpose, mice were challenged by s.c. inoculation of
EL4-OVA tumor cells and parallel intranasal infection with WSN-OVA influenza virus
to generate two local independent effector sites. We considered the possibility that
a potential effect of imprinting could be masked or reduced when T cell activation
in the two sets of DLN would not occur simultaneously as, in this case, the progeny
of T cells activated within the first set of DLN could seed the other LN bed (Fig. 3)"*
and thereby dominate the T cell response at that site. In particular, in view of recent
data that suggest that programming of T cell functions may not be fixed'®'?, such
a situation could lead to an underestimate of the potential of imprinting. To avoid this
issue, we first determined the kinetics of T cell priming at the two different LN sites.
Analysis of CFSE dilution of labeled OT-I T cells in tumor and lung DLN of mice that
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Figure 3. Simultaneous priming of OT-I T cells in tumor DLN and lung DLN. Four
groups of B6 Ly5.1* mice that received 3 x 10° CFSE-labeled mock-transduced OT-I
T cells (Ly5.2*) on day O were challenged intranasally with the indicated influenza
virus on day O and challenged s.c. with the indicated tumor cells on day 1. Plots
show representative flow cytometric analyses of tumor-draining axillary/inguinal LNs
(TDLN) and lung-draining mediastinal LNs (LDLN) at different time points after initial
challenge. In each plot the same amount of living CD8* lymphocytes is depicted. Plots
are representative for three to four mice per experiment, out of two experiments.

received an s.c. inoculation of EL4-OVA tumor cells or intranasal WSN-OVA influenza
infection revealed that detectable T cell proliferation is first observed at days 3 and
4 after antigenic challenge, respectively (unpublished data). To allow simultaneous
priming of T cells in the two LN beds, mice were therefore challenged with EL4-OVA
tumor inoculation 1 d after intranasal WSN-OVA influenza inoculation in all subsequent
experiments (Fig. 3).

The kinship of antigen-specific T cells that accumulate at the two priming and two
effector sites was subsequently monitored by barcode analysis. When barcodes are
recovered from tumor DLN at day 5 or later time points, the percentage of barcodes
recovered from two half-samples of a tumor DLN that is found in both half-samples
is markedly higher than the random overlap observed between tumor DLN samples
obtained from different mice (Fig. 4). Likewise, when barcodes are recovered from
lung DLN, the percentage of barcodes recovered from two half-samples of a lung DLN
that is found in both half-samples is markedly higher than the background overlap
observed between lung DLN samples from different mice (Fig. 4). Together, these data
indicate that barcode analysis of LN-resident T cell populations is feasible, even early
after the induction of T cell proliferation.

To reveal whether draining LNs of tumor and lung contain the same sets of
T cell families, barcodes obtained from tumor DLN and lung DLN were subsequently
compared. Early after antigenic challenge (day 5), the overlap in barcodes present in
tumor and lung DLN obtained from the same mouse (Fig. 4, A [right, top two rows]
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Figure 4. Redistribution of T cell
families over LN beds through time.
Barcode analysis of T cell populations
isolated from draining LNs in mice
that received 10,000 barcode-
labeled OT-I T cells and that were
subsequently challenged intranasally
with WSN-OVA influenza virus (day
0) and s.c. with EL4-OVA cells (day
1). At indicated days after challenge,
TDLN and LDLN were each split into
two half-samples that were separately
cultured for 4 d and used for barcode
analysis. The results represent data
from two to three mice analyzed
separately within one experiment. (A
and B) Representative dot plots of the
fluorescence intensities of the barcode
microarray spots at days 5 (A) and 10
(B). Left and middle, top two rows: dot
plots of barcode analysis of two pools
of T cells isolated from the same tissue
for two individual mice. Right, top two
rows: dot plots of barcode analysis
of T cells isolated from the TDLN
versus T cells isolated from the LDLN
for two individual mice. Bottom row:
evaluation of background overlap by
comparison of samples from mouse 1
with samples from mouse 2. Numbers
indicate the barcodes that are present
within each quadrant (black rectangles;
cutoff used, P < 0.005). (C) Percentage
of barcode overlap between different
tissue samples. Each sample was
compared with a second sample
generated from the same tissue (TDLN
or LDLN) or from a different tissue
(TDLN vs LDLN), either of the same
mouse (intra) or of a different mouse
(inter). The percentages indicate the
number of barcodes that is present
within the top right quadrant as
a fraction of the total number of
barcodes present in the top left, top
right, and bottom right quadrant (as
indicated in A and B). By normalizing
for background and maximal overlap,
data can be converted to percentage
identity between T cell families at both
sites (numbers in text). Percentage
identity of T cell families in the control
comparisons (TDLN-X vs. LDLN-Y) was
1,0, =1, and 0% on days 5, 6, 8, and
10, respectively.
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and C) is small and only slightly higher than the overlap between barcodes obtained
from tumor and lung DLN from different mice (Fig. 4, A [right, bottom row] and C).
This indicates that early after antigen-induced activation, T cell families mostly remain
confined to the original site of priming. Interestingly, from days 6 to 8 after challenge,
a marked shift occurs, in which a large fraction of barcodes becomes shared between
T cells isolated from tumor and lung DLN, suggesting that within days after priming,
the offspring of T cells intermingles within different DLN.

To provide a more quantitative assessment of the similarity of T cell families
present at the two sites, data were converted into percentage identity, in which the
percentage of shared barcodes, as shown in Fig. 4C, is corrected for maximal and
background overlap (analogous to the correction of data for background and maximal
lysis in CTL assays, see Materials and methods for details). Based on this analysis,
T cell families within tumor and lung DLN share 8 and 16% identity on days 5 and 6.
This abruptly changes to 78 and 75% identity on days 8 and 10. Also, when the data
are analyzed by correlation analysis, T cell families at the two sites are clearly distinct
early after antigenic challenge but become close to identical from day 8 (Fig. S2). To
test whether the increase in barcode overlap between tumor and lung DLN over time
is indeed caused by T cell migration, we treated mice with FTY720, a compound which
blocks LN egress of T lymphocytes''. Importantly, when LN egress is blocked during
the course of antigenic challenge, the relatedness of T cells that are present in tumor
and lung DLN remains low even late during infection (day 8, 29% identity; Fig. S3).
These data show that the time-dependent increase in relatedness of T cell families
isolated from lung and tumor DLN is a result of T cell migration.

To test whether barcode analysis of effector site-resident T cells was feasible,
barcodes were obtained from tumor and lung tissue at various time points after
antigenic challenge. When T cells are isolated from the tumor and lung effector sites
during the OVA-specific T cell response, barcodes can be recovered reliably from these
samples (Fig. 5, A [left and middle, top two rows] and B). Importantly, of the barcodes
that are present at one effector site, the majority is also found at the other effector site
within the same mouse (Fig. 5, A [right, top two rows] and B), whereas samples derived
from different mice do not show such a shared set of barcodes (Fig. 5, A [bottom row]
and B). Furthermore, this high overlap is observed both at day 8, when substantial
T cell accumulation at both sites has just begun (Fig. 5), and at the peak of the antigen-
specific T cell response (day 10 after challenge; not depicted). Thus, although the T cell
populations that develop within tumor and lung DLN initially consist of distinct families,
the progeny that accumulates at the lung and tumor effector sites are highly related
(81% identity at day 8; Fig. S4A) Together, these data show that, in this model, the
progeny of CD8* T cells disperses, essentially indiscriminately, over two effector sites.

To investigate whether this pattern also applies to a third effector site, we analyzed
the kinship of T cells migrating to inflamed gut and s.c. tumor effector sites. To this
purpose, mice were challenged by oral infection with LM-OVA and s.c. inoculation
of EL-4 OVA tumor cells. Again, challenges were timed such that priming occurred
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Figure 5. T cells present at lung and tumor effector sites are derived from the
same precursors. Barcode analysis of T cell populations from effector sites in mice
that received 10,000 barcode-labeled OT-I T cells and that were subsequently
challenged intranasally with WSN-OVA influenza virus (day 0) and s.c. with EL4-OVA
cells (day 1). At day 8 after challenge, T cells were isolated from tumor and lung tissue
for barcode analysis. Results are representative of two independent experiments in
which seven mice were analyzed separately in total. (A) Representative dot plots of
the fluorescence intensities of the barcode microarray spots. Left and middle, top
two rows: dot plots of barcode analysis of two pools of T cells isolated from the same
tissue for two individual mice. Right, top two rows: dot plots of barcode analysis of
T cells isolated from tumor versus T cells isolated from lung for two individual mice.
Bottom row: evaluation of background overlap by comparison of samples from mouse
1 with samples from mouse 2. Numbers indicate the barcodes that are present within
each quadrant (black rectangles; cutoff used, P < 0.00005). (B) Percentage of barcode
overlap between different tissue samples. Each sample was compared with a second
sample generated from the same tissue (tumor or lung) or from a different tissue
(tumor vs. lung), either of the same mouse (intra) or of a different mouse (inter). The
percentages indicate the number of barcodes that is present within the top right
quadrant as a fraction of the total number of barcodes present in the top left, top
right, and bottom right quadrant (as indicated in A). By normalizing for background
and maximal overlap, data can be converted to percentage identity between T cell
families at both sites (numbers in text). Percentage identity of T cell families in the
control comparison (tumor-X vs. lung-Y) was 0%.

simultaneously in gut and TDLNs (unpublished data). Furthermore, by comparing
barcodes isolated from different half-samples around the peak of the OVA-specific
T cell response, it was established that barcodes from gut tissue can also be recovered
reliably (Fig. 6). When barcodes present in T cells that accumulated in the gut and
the tumor of the same mouse were compared, no evidence was found for selective
migration of T cell families toward the tumor site (Fig. 6, A [right, top two rows] and
B; and Fig. S4B). In some mice, a small fraction of barcodes was enriched in gut
tissue, suggesting that selective migration toward the gut may occur to some degree.
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Figure 6. T cells present at gut and tumor effector sites are derived from the
same precursors. Barcode analysis of T cell populations in mice that received
10,000 barcode-labeled OT-I T cells and that were subsequently challenged orally
with LM-OVA and s.c. with EL4-OVA cells (both on the same day). At day 7 after
challenge, T cells were isolated from tumor and gut tissue for barcode analysis. Before
analysis, T cells isolated from gut tissue from each mouse were split into two half-
samples that were subsequently cultured for 4 d. Results represent data from four
mice analyzed separately within one experiment. (A) Representative dot plots of the
fluorescence intensities of the barcode-microarray spots. Left and middle, top two
rows: dot plots of barcode analysis of two pools of T cells isolated from the same
tissue for two individual mice. Right, top two rows: dot plots of barcode analysis of
T cells isolated from the gut versus T cells isolated from tumor for two individual
mice. Bottom row: evaluation of background overlap by comparison of samples from
mouse 1 with samples from mouse 2. Numbers indicate the barcodes that are present
within each quadrant (black rectangles; cutoff used, P < 0.0005. (B) Percentage of
barcode overlap between different tissue samples. Each sample was compared with
a second sample generated from the same tissue (gut or tumor) or from a different
tissue (gut vs. tumor), either of the same mouse (intra) or of a different mouse (inter).
The percentages indicate the number of barcodes that is present within the top right
quadrant as a fraction of the total number of barcodes present in the top left, top
right, and bottom right quadrant (as indicated in A). By normalizing for background
and maximal overlap, data can be converted to percentage identity between T cell
families at both sites (numbers in text). Percentage identity of T cell families in the
control comparison (tumor-X vs. gut-Y) was —2%.

However, the majority of T cell families also appeared to be equally represented at
these two effector sites (translating into an identity of 64% between T cell families
in gut and tumor of the same mouse). As expected, tissue samples derived from
different mice did not show such a shared set of barcodes (Fig. 6, A and B, bottom
rows). Together, these data indicate that also in this comparison, the majority of T cell
families that locally develop accumulate at both effector sites.

Finally, a possible limitation of the experiments described in the previous paragraphs
is that the 3-d in vitro culture used to introduce the Moloney-based retroviral barcode
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library may conceivably influence T cell migration properties. To address this issue,
we have developed a strategy in which naive barcode-labeled T cells are obtained
via the transduction of OT-l thymocytes (see Materials and methods for details). Also,
when naive barcode-labeled OT-I T cells were used, a high degree of overlap between
barcodes present in T cells that accumulated in the lung and the tumor of the same
mouse was observed (Fig. S5, A [right, top two rows] and B).

DISCUSSION

In this paper, we developed a novel approach, termed cellular barcoding, to dissect
lineage relationships between different cell populations. In this approach, retroviral
or lentiviral tagging of individual cells with molecular barcodes is coupled to
a microarray-based detection system to allow kinship analysis of the progeny of such
cell populations. By analyzing family relationships between different barcode-labeled
T cell populations, we demonstrate that cellular barcoding can be used to distinguish
cells that are kin or nonkin. In essence, this technology provides an in vivo system for
high throughput parallel clonal assays.

To exemplify the potential of cellular barcoding, we analyzed the kinship of CD8*
T cells that accumulate at different DLN and effector sites. A picture that has emerged
from recent studies is that T cells primed within a specific LN, or by antigen-presenting
cells obtained from LNs draining a specific tissue site, acquire a phenotype that is
consistent with preferential migration'®'*'¢". Furthermore, cells that are induced
to display such a phenotype in vitro also show selective homing upon injection' 2.
Interestingly, one study showed that the in vivo expression of markers that could result
in preferential migration is transient, possibly through the action of signals encountered
in other LN beds'. In addition, this reprogramming has also been observed in vitro''2.

In the current paper, we have used cellular barcoding to study the kinship between
T cells that accumulate at different effector sites in situations where antigen is available
at multiple locations. Data obtained in this analysis demonstrate that from the first time
point at which substantial amounts of T cells accumulate at the tumor and lung effector
sites, the T cell families at both sites are largely identical, even though unique T cell
families are found in the LNs draining these tissues shortly after antigen challenge.
In addition, a high identity was also observed when comparing T cell families that
accumulate in inflamed gut and s.c. tumor tissue. In this case, a small set of barcodes
appears enriched in gut tissue in at least some animals. Although these data suggest
that a minority of T cell families might display the capacity to selectively migrate to
this site, based on signal intensity, the contribution of this set of clones to the total
T cell pool in gutis not expected to be large. Collectively, these data indicate that after
a brief period of local accumulation, the dominant pattern of T cell accumulation at
effector sites is aselective. We speculate that selective T cell migration may only play
a significant role at very early time points during infection’ and perhaps in situations
where the effector sites generate limited inflammatory signals. In contrast, we suggest
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that aselective migration forms the dominant process at the moment two effector sites
produce sufficient proinflammatory signals, and aselective migration, in fact, seems
a preferred strategy to combat spreading infections.

Interestingly, a strong time-dependent increase in the relatedness of T cell
families isolated from lung DLN and tumor DLN of the same mouse was observed.
Furthermore, this increase was found to be dependent on lymphocyte egress from
the LN, as it was blocked in the presence of FTY720. The mingling of T cell families at
two LN sites is consistent with the LN recycling of recently activated T cells observed
by Liu et al.” but also with the recent description of effector T cell entry into reactive
LNs via high endothelial venules'®. As a result of such T cell redistribution over tumor
and lung DLN, an indiscriminate accumulation of T cell families at the two effector
sites may occur as a secondary effect (Fig. 7A). As an alternative model, accumulation
of effector T cells at both sites could occur independently of LN cross-seeding
(Fig. 7B), and equilibration of LN T cell populations could then occur as a secondary
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Figure 7. Pathways for intermingling of T cell families. (A) After priming, two
local and genetically distinct populations of antigen-specific T cells develop. Upon
LN exit, these T cell families accumulate at both effector sites, and mixing of T cell
families within the DLN occurs as a secondary phenomenon upon migration or passive
transport of T cells via afferent lymph. (B) After priming, two local and genetically
distinct populations of antigen-specific T cells develop. Upon LN exit, these T cell
families redistribute over the reactive LNs (in which the possibility of reprogramming
of migration patterns may exist'’, and both effector sites are subsequently seeded by
T cells from all families, regardless of the site of original priming. As evidence for both
pathways of effector T cell entry into LNs exists'2'3, it is possible that both processes
operate in parallel.
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effect, through T cell recycling from effector sites via the afferent lymph'. In view of
the rapid equilibration of T cell families in lung and tumor DLN between days 6 and 8,
a time point at which T cell numbers at effector sites are still low, we favor the former
possibility, but formal evidence is lacking.

Together, the current data demonstrate that cellular barcoding can be used to
dissect the migration patterns of T cell families in vivo and show that the majority of
T cells that are activated during a T cell response acquire the capacity to accumulate
at multiple tissue sites. In addition to the potential value of the barcoding technology
for the analysis of cellular differentiation and migration within the lymphoid system, we
consider it likely that this technology can also be used to examine stem cell, cancer
stem cell, and differentiation issues for other hematopoietic and transplantable cell

types.

MATERIALS AND METHODS

Mice. C57BL/6 (B6), B6 Ly5.1* and C57BL/6.OT-I mice (OT-1)?° were obtained from the
animal department of the Netherlands Cancer Institute. All animal experiments were
performed in accordance with institutional and national guidelines and were approved
by the Experimental Animal Committee (DEC) of the Netherlands Cancer Institute.
Barcode library and microarray generation. The semirandom stretch
((N)-(SW),).-N, was inserted 3' of the GFP ORF in the pLentilox3.4 vector (Supplemental
Materials and methods). Subsequently, 4,743 individual E. coli cell clones containing
this vector were picked and grown in 96-well plates. This master library was used to
generate a barcode microarray and a Moloney-based retroviral library (supplemental
Materials and methods). To generate the barcode microarray, PCR products were
generated from the individual E. coli cell clones of the master library and were spotted
in duplicate onto poly-L-lysine-coated glass slides using the MicroGrid Il arrayer
(Isogen Life Science). PCR products of 93 additional E. coli cell clones that are not
present in the master library were spotted in hexaplicate to function as internal controls
for the labeling and hybridization procedure (supplemental Materials and methods).
Retroviral transduction procedure. Retroviral supernatants were generated using
Phoenix-E packaging cells, as described previously?', and stored at —80°C. Total OT-I
splenocytes were isolated and mixed with CD4-enriched Bé splenocytes ata 10:1 ratio.
CD4-enriched Bé splenocytes were obtained by staining Bé splenocytes with PE- or
APC-conjugated anti-CD4 mAbs (BD Biosciences), labeling with anti-PE or anti-APC
Microbeads (Miltenyi Biotec), followed by Midi-MACS enrichment (Miltenyi Biotec).
Enrichment was 290%. Cells were activated in IMDM (Invitrogen) supplemented with
8% heat-inactivated FCS, 100 U/ml penicillin, 100 pg/ml streptomycin (Boehringer
Ingelheim), and 0.5 x 10-> M B-mercaptoethanol (culture medium) in the presence of
ConA and IL-7 and transduced with diluted retroviral supernatants by spin infection
as previously described?'. Retroviral supernatants were used at dilutions resulting in
transduction efficiencies of ~1-2%. At this transduction efficiency, the mean number
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of barcodes per cell is close to one (Fig. S1). 24 h after retroviral transduction,
transduced T cells were purified using Ficoll Paque PLUS (GE Healthcare), stained with
PE-conjugated anti-Va2 and APC-conjugated anti-CD8a., and sorted on a FACSAria
(BD Biosciences) for GFP* Va2* CD8a* cells. Subsequently, the cells were washed
once in culture medium and twice in HBSS (Invitrogen), resuspended in HBSS, and
injected i.v. (1,000-10,000 GFP* cells per mouse). To obtain naive barcode-labeled
T cells, OT-I thymocytes were transduced with the barcode library in culture medium
supplemented with 10 ng/ml IL-7. The next day, transduced cells were sorted for GFP
expression and injected in the thymi of Bé recipient mice (~10° cells/mouse). 3 wk
after intrathymic injection, CD8* T cells containing barcode-labeled OT-I cells were
isolated from spleen and LNs. Barcode-modified OT-I T cells generated in this manner
are phenotypically naive and respond to antigen encounter with identical kinetics as
unmanipulated OT-I T cells (unpublished data).

Influenza A virus, L. monocytogenes, and tumor challenge. The recombinant
influenza A strain WSN-OVA that expresses the H-2K°-restricted OVA_,
(SIINFEKL) has been previously described?. A recombinant influenza A virus that

epitope

expresses epitope IV of the SV40 large T antigen was generated as previously
described?. Influenza A strains were grown in and titered on MDCK (Madin Darby
canine kidney) cells. Mice were infected with 500 PFU of the influenza A variants by
intranasal application. EL4-OVA tumor cells were produced by retroviral transduction
of EL4 thymoma cells with a pMX vector that encodes a GFP-OVA, .
protein?, and EL4-NP cells have been previously described?. For tumor challenge,

fusion

tumor cells were washed three times with HBSS, resuspended in HBSS, and injected
s.c. into mice (107 cells per mouse). The LM-OVA recombinant L. monocytogenes
strain that expresses OVA® was provided by D. Busch (Technical University Munich,
Munich, Germany). Mice were infected by gavage with 108 CFU LM-OVA or i.v. with
+2.5 x 10* CFU LM-OVA.

Isolation of barcode-labeled T cells, in vitro culture, and flow cytometric
analysis. Cell suspensions of spleen, LN, lung, and tumor tissue were generated as
previously described?. Cell suspensions of gut tissue were generated according to
a previously published procedure?. In brief, the small intestine was flushed with 50
ml HBSS containing 2% FCS. Peyers patches were excised and intestine was cut into
small pieces longitudinally and laterally. After washing, the tissue was transferred to
a 50-ml tube containing 20 ml HBSS/5% FCS/0.1mM EDTA and stirred for 20 min
at 37°C. The supernatant was harvested, EDTA treatment was repeated twice, and
all supernatants were pooled. Subsequently, the material was digested in 20 ml
IMDM containing 200 U/ml collagenase (type VIII; Sigma-Aldrich) and stirred for
1 h at 37°C. The supernatant was harvested and collagenase treatment was repeated
once. Supernatants were pooled and the thus-obtained cell suspension was used for
subsequent enrichment of OT-I cells. To enrich OT-I cells from tissue samples, cells
were stained with PE-conjugated anti-Va2 mAbs (BD Biosciences), labeled with anti-PE
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Microbeads (Miltenyi Biotec), followed by autoMACS (Miltenyi Biotec) enrichment. For
analysis of barcodes from T cells present in LNs, LN cells were first expanded for 4 d in
culture medium supplemented with 20 U/ml of recombinant human IL-2 (Chiron) and 12
ng/ml of recombinant mouse IL-7 (PeproTech). Half-samples were cultured separately
to avoid bias introduction during in vitro culture. The mAbs used for flow cytometric
analysis were APC-conjugated anti-CD8a (BD Biosciences) and PE-conjugated anti-
Ly5.2 (eBioscience). Before analysis, 1 pg/ml propidium iodide (Sigma-Aldrich) was
added to enable selection for propidium iodide-negative (living) cells.

Barcode recovery, microarray hybridizations, and data analysis. Genomic DNA
was isolated using a DNeasy tissue kit (QIAGEN) and barcodes were amplified by
nested PCR (supplemental Materials and methods). PCR products were purified,
concentrated, labeled with Cy3 or Cy5 fluorescent groups, and hybridized to the
barcode microarray (supplemental Materials and methods). Fluorescence intensities,
as quantified using Imagene 6.0 (BioDiscovery, Inc.), were corrected for background
noise and normalized according to Yang et al.?.

After averaging of duplicates, barcodes present above background were
selected based on the probability that a signal differed from an artificial background
distribution. In barcode microarray hybridizations, the majority of signals reflects
a negative biological signal and, consequently, the mode of the signal distribution
can be taken as an approximation of the mean of the background distribution. As
signals below the mode are the least contaminated by positive signals, an artificial
background distribution was constructed from the signals lower than the mode and
an extrapolation/mirroring of these signals to the positive side of the slope. For each
sample, this artificial background was determined based on the distribution of the
averaged Cy3 and Cy5 signals of the hybridization in which two half-samples of the
same tissue were hybridized (the cutoffs used [p-values given in the figure legends] are
indicated by the horizontal and vertical dividers in the dot plots). The two dimensional
plots depict Cy3 and Cy5 signals for all 4,743 barcodes that were present in the master
library. For comparison of barcodes in samples analyzed in different hybridizations, we
performed in silico hybridizations in which the Cy3 and Cy5 signals of the two samples
were plotted against each other. Percentage identity was calculated as: (A-B®®)-(yA-
ANTER[B-BINTER)/(+/ A-ANTRAX[B-BNTRA)_({/ A-ANTERX+/B-BINTER)x 100%, in which A-B is the
experimental comparison (EXP) and A—A and B-B comparisons of two samples from
a given site, in which the samples are either from the same mouse (INTRA) or from
two different mice (INTER). All numbers refer to the fraction of shared barcodes of the
total number of detected barcodes in both samples. Conceptually, this calculation is
analogous to the calculation of percentage of specific lysis in CTL assays, with the one
distinction that the maximal and minimal signals are now defined by the efficiency
of barcode recovery from two sites (A-ANTRA + B—BNTRA and A-ANTER 4+ B—BINTER,
respectively), assuming that the percentage of shared barcodes within a sample is the
product of two samples that have an equal efficiency of barcode recovery.

85



For each barcode comparison, the Pearson Correlation between Cy3 and Cy5
signals was calculated. To avoid dominance of signals from barcodes not present
within a given sample in the correlation analysis, a small fraction of barcodes present
in the bottom left quadrant (1/3 of the number of barcodes present in the top left, top
right and bottom quadrants) was randomly drawn and incorporated in the correlation
analysis. To minimize variations in correlation values introduced by the random drawing
of a subset of barcodes from the bottom left, all correlation values were averaged from
100 calculations, based on 100 random drawings from the bottom left.

Supplemental material. Fig. S1 presents additional data showing that under the
conditions used, the majority of transduced cells contain a single transgene. Fig. S2
shows the redistribution of T cell families over LN beds through time as analyzed
by correlation analysis. Fig. S3 shows that the redistribution of T cell families over
LN beds is dependent on LN egress. Fig. S4 shows the kinship of T cells present at
different effector sites as determined by correlation analysis. Fig. S5 shows the kinship
of T cells present at lung and tumor effector sites when naive barcode-labeled T cells
are used. A detailed description of barcode library generation, microarray generation,
barcode recovery, and microarray hybridization is available as supplemental Materials
and methods.
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SUPPLEMENTAL MATERIALS AND METHODS

Barcode library and microarray generation. Using the primers top, 5-GGGAAAGTC-
GACTAAGCCACCATGGTGAGCAAGGGCGAG -3'; and bottom, 5'-CCCGAAT-
TCGATCTCGAATCAGGCGCTTAGGATCCTCCCCTTCCCTCGAGTGTTCTAGTT-
GACGGCAGCATTACTTGTACAGCTCGTCCATG-3" and the enhanced GFP gene as
template, a PCR product containing GFP and unique cloning sites for library inser-
tion was created and cloned into the Xhol and EcoRI sites of the retroviral vector
plLentiLox3.4 (gift from L. van Parijs), to obtain pLentiLox3.4-GFP2. A semirandom
stretch of DNA was subsequently cloned 3’ of the GFP ORF in the pLentilox3.4-GFP2
vector. For this purpose the oligo 5-TGCTGCCGTCAACTAGAACACTCGAG-((N)8-
(SW)5)5-N8-GGATCCTAAGCGCCT GATTCGAGATC-3' (in which N =A, C, T, or G, S
= CorG, and W = A or T) was amplified using the following primers: top-LIB primer,
5'-TGCTGCCGTCAACTAGAACA-3"; and bottom-LIB primer, 5-GATCTCGAATCAG-
GCGCTTA-3". The resulting library was digested and ligated into the Xhol and BamH]
sites of pLentiLox3.4-GFP2. Ligation products were introduced into electroporation-
competent E. coli cells (electro Ten-blue; Stratagene) by electroporation and plated
on 10-cm Ampicillin-containing LB plates. For the generation of the Moloney-based
PMX-GFP-bc library, DNA was isolated from the pooled E. coli cell clones of the
master library and subcloned into a variant of the pMX retroviral vector (Kitamura,
T.1998. Int J. Hematol. 67:351-359) that contains a Pacl cloning site, using the restric-
tion enzymes Pacl and EcoRI. To determine which barcodes can effectively be used
for lineage analysis, barcodes recovered in at least one experiment were plotted as
a function of the number of experiments performed. In a first set of seven experiments,
3,029 different barcodes were observed, and extrapolation of this curve suggests that
the number of informative barcodes is ~3,300. The lack of detection for the remainder
is likely due to loss of barcodes during the different procedures of generating the
library for retrovirus production and the generation of the microarray.

Barcode recovery and microarray hybridizations. Barcodes were amplified by
nested PCR in a DNA Engine PTC-200 PCR machine (Bio-Rad Laboratories) using the
primers top, 5'- GTCCTGCTGGAGTTCGTGAC -3'; and bottom 5'- GACCAACTGG-
TAATGGTAGCGAC -3’ in the first round, and the top-LIB and bottom-LIB primers in
the second round. The first round consisted of a linear PCR of 50 cycles (5" 94°C, 5"
55°C, and 5" 72°C), in which only the top primer was present followed by another 30
cycles (5" 94°C, 5" 55°C, and 5" 72°C) of exponential amplification in the presence
of both primers. The second round consisted of 30 cycles (5" 94°C, 5" 57.2°C, and 5"
72°C). Starting with a linear amplification rather than an exponential amplification de-
creases the probability that the amplification reaction changes the relative composition
of a barcode pool due to founder effects, in particular for samples that initially contain
barcodes in low copy numbers. In all barcode PCRs, reagent controls were performed
in parallel to exclude the presence of contaminating barcode sequences. PCR prod-
ucts were purified and concentrated with a MinElute PCR Purification Kit (QIAGEN),

88



DISSECTING T CELL LINEAGE RELATIONSHIPS BY CELLULAR BARCODING

digested with BamHI and Xhol, concentrated, and purified again using a MinElute
PCR Purification Kit. After adding ~2.6 ng of purified digested PCR products of the
93 control barcodes per 200 ng of PCR product of the sample, PCR products were
labeled with Cy3 or Cy5 fluorescent groups using the Universal Linkage System (ULS;
Kreatech Biotechnology) and purified over a KREApure spin column (Kreatech Bio-
technology). To reduce background signals, samples containing 25-100 ng of labeled
PCR product were supplemented with 0.25-1 pg of each of the following unlabeled
oligos: oligo 1, 5'-TCGAGTGTTCTAGTTGACGGCAGCA-3’; oligo 2, 5'-TGCTGCCGT-
CAACTAGAACAC-3'; oligo 3, 5'-GATCCTAAGCGCCTGATTCGAGATC-3'; and oligo
4, 5'-GATCTCGAATCAGGCGCTTAG-3’, which all correspond to the primer binding
sites of the barcode PCR products present on the array. Subsequently, samples were
concentrated, heated to 95 °C for 1 min, snap cooled, diluted in 30 pl of 32.7% forma-
mide, 53 SSC, 0.85% SDS, and 2.6% DMSO (final concentrations) and applied to the
array. Samples were hybridized overnight at 42 °C, washed, and scanned using a DNA
Microarray scanner (Agilent Technologies). As the normalization procedure requires
that the average Cy3/Cy5 ratio is 1, all experiments were performed by cohybridiza-
tion of two half-samples of one tissue.
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SUPPLEMENTAL FIGURES
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Figure S1. The majority of transduced cells contains a single transgene. Flow
cytometric analysis of total splenocytes 1 d after transduction with a retroviral vector
encoding tdTomato (top left), a retroviral vector encoding GFP (top right panel), or
both vectors (bottom two panels). Plots show living lymphocytes after exclusion of cell
doublets by pulse-width analysis. Numbers indicate the percentages of cells in each
quadrant. In the bottom left panel, where low virus concentrations were used, of the
1.38% (0.66 + 0.05 + 0.67) transduced cells, 0.05/1.38 x 100 = 3.6% express both
GFP and tdTomato, indicating that under this condition 100 — (2 x 3.6) = 92.8% of the
transduced cells contains a single transgene. Under these conditions, the number of
barcodes present within a given cell population is therefore approximately equivalent
to the number of progenitors that yielded this population. In the bottom right panel,
where ~10-fold higher virus concentrations were used, 67.7% of the transduced cells
contains a single transgene.
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Figure S2. Redistribution of T cell families over lymph node beds through
time examined by correlation analysis. Pearson’s correlation coefficients of the
comparisons of different tissue samples as shown in Fig. 4 C. R values represent the
correlation between hybridization signals of all barcodes present in either the Cy3- or
Cy5-labeled sample.
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Figure S3. Redistribution of T cell families over lymph node beds is dependent
on lymph node egress. Mice received 10,000 conA-activated barcode-labeled OT-1 T
cells and were subsequently challenged intranasally with WSN-OVA influenza virus (day
0) and s.c. with EL4-OVA tumor cells (day 1). Starting at day O, mice were injected every
2 d with 1 mg/kg FTY720 (+FTY720; Cayman chemical) or left untreated (—FTY720).
At day 8 after challenge, peripheral blood, as well as TDLN and LDLN were isolated.
Results represent data from three mice, analyzed separately within one experiment.
(A) Blood cells were stained for CD8 and CD44 (left) and the number of GFP* cells per
10° blood cells was enumerated (right). (B) TDLN and LDLN from the FTY720-treated
mice were each split into two half-samples, independently amplified by PCR, and used
for barcode analysis. Top row: self-self comparisons of barcodes isolated from TDLN
(left) or LDLN (right). Bottom row: comparison of barcodes isolated from TDLN and
LDLN from the same mouse (left) or from different mice (right). Numbers indicate the
barcodes of barcodes detected above background for each quadrant (black rectangles;
cutoff used, P < 0.0005). (C) Cumulative data of three mice showing the percentage of
barcode overlap for the indicated samples. Percentage of barcode overlap indicates
the number of barcodes present in the top right quadrant as a fraction of the total
number of barcodes present in the top left, top right and bottom right quadrants.
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Figure S4. Kinship of T cells present at different effector sites examined by
correlation analysis. Pearson’s correlation coefficients of the comparisons of different
tissue samples as shown in Fig. 5 B (A) and Fig. 6 B (B). R values represent the
correlation between hybridization signals of all barcodes present in either the Cy3- or
Cy5-labeled sample.
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Figure S5. T cells present at lung and tumor effector sites are largely derived from
the same naive T cell precursors. Barcode analysis of T cell populations from effector
sites of mice that received 1,000 naive barcode-labeled OT-I T cells and that were
subsequently challenged intranasally with WSN-OVA influenza virus (day 0) and s.c.
with EL4-OVA cells (day 1). At day 8 after challenge, T cells were isolated from tumor
and lung tissue for barcode analysis. Naive barcode-labeled T cells were generated
by retroviral transduction of thymocytes with the barcode library and subsequent
development into mature T cells upon intrathymic injection in B6 mice (unpublished
data). Results represent data from two mice analyzed separately within one experiment.
(A) Representative dot plots of the fluorescence intensities of the barcode microarray
spots. Left and middle, top two rows: dot plots of barcode analysis of two pools of
T cells isolated from the same tissue for two individual mice. Right, top two rows:
dot plots of barcode analysis of T cells isolated from tumor versus T cells isolated
from lung for two individual mice. Bottom row: evaluation of background overlap by
comparison of samples from mouse 1 with samples from mouse 2. Numbers indicate
the barcodes that are present within each quadrant (black rectangles) as a percentage
of the total number of barcodes present in the top left, top right, and bottom right
quadrants. (B) Percentage of barcode overlap between different tissue samples. Each
sample was compared with a second sample generated from the same tissue (tumor
or lung) or from a different tissue (tumor vs. lung), either of the same mouse (intra) or
of a different mouse (inter). The percentages indicate the number of barcodes that is
present within the top right quadrant as a fraction of the total number of barcodes
present in the top left, top right, and bottom right quadrant (as indicated in A).
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