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HUMAN T-CELL MEMORY CONSISTS  
MAINLY OF UNEXPANDED CLONES

PauC L. KCaPPCbPPk1,2, PauC P. Tak1, BaPbPPa D.C. vaC SPCaPk3, 
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TCPP PCaCPPP waP CubCPPCPd PC IPPuCCCCgy LPPPPPP
(2010 VCCuPP: 133, IPPuP: 1; DOI: 10.1016/j.PPCPP.2010.06.011)
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INTRODUCTION

To ward off a wide variety of pathogens, the 
human adaptive immune system harbors a 
vast array of TCRs, collectively referred to as 
the TCR-repertoire. Generally, each T-cell en-
codes one single unique TCR, consisting of a 
αß-dimer. Upon antigen encounter a T- cell can 
expand to produce a clone of daughter cells all 
encoding the same TCR. Following the effector 
phase the clone produces memory cells to fa-
cilitate future responses. Although this process 
is funda- mental in our understanding of the 
adaptive immune system, little is known about 
the sizes of memory clones and the composi-
tion of the memory compartments.1 Previous 
studies suggested that memory clones are 
moderately to highly expanded when com-
pared to clones in the naive compartments, 
and that memory compartments are at least 10 
times less diverse in their ß-chain diversity.2-4 
Thus, the memory repertoires seem to harbor 
a restricted number of clones that are highly 
expanded. Several studies suggested addition-

al narrowing of the memory repertoire in sev-
eral (patho-)physiological conditions such as 
aging, chronic infections and auto-immunity.3,4 
 The reason for our limited knowledge 
lies in the complexity and diversity of the 
TCR-repertoire. The process that contributes 
most to the diversity is the DNA-rearrange-
ment of both the TCR-α and -ß chains. In this 
process the Variable, Joining, and Diversi-
ty (only for the ß-chain) gene-segments are 
joined together. At the junctions nucleotides 
are randomly deleted and inserted to produce 
the highly variable CDR3. This region encodes 
that part of the receptor, which interacts with 
the peptide presented on the MHC-molecule. 
Together with the heterodimerization of both 
chains this creates a theoretical diversity of 
1015, making the repertoire particularly diffi-
cult to analyze.5 
 The most important technical limitation 
in analyzing the repertoire is the dependence 
on conventional sequencing techniques, which 
are limited in the amount of sequences that 
can be analyzed simultaneously.6 This makes it 

ABSTRACT
The immune system is able to respond to millions of antigens using adaptive recep-
tors, including the αß-T-cell receptor (TCR). Upon antigen encounter a T-cell may pro-
liferate to produce a clone of TCR-identical cells, which develop a memory phenotype. 

Previous studies suggested that most memory clones are clearly expanded. In accor-
dance, the ß-chain repertoire of T-cell memory subsets was reported to be 10 times less 
diverse than that of naive subsets, reflecting stringent selection. However, due to tech-
nological limitations detailed information was lacking regarding the size of clonal expan-
sions and the diversity of the TCR-repertoire in naive and memory T-cell populations.

Here, using high-throughput sequencing, we show that the memory repertoire in hu-
man peripheral blood contains only few expanded clones and consists mainly of low fre-
quency clones. Additionally, the memory repertoire is much more diverse than expected. 
In two healthy persons we observed that only 2–7% of the CD4 and CD8 memory clones 
found were clearly expanded. In line with this observation we show that the ß-chains 
repertoire size of the CD4 memory compartment is only two times smaller, and that of 
the CD8 memory compartment is only 3–10 times smaller than the naive compartments.

Our results show that the T-cell memory compartment has a very different distribution of 
clones than anticipated. This has important implications for the current dogma of immuno-
logical memory, and changes the interpretation of repertoire aberrations in (patho-)physio-
logical situations such as ageing and auto-immunity. It raises new questions on the factors 
that steer maturation of memory phenotype and determine the size of memory clones. 
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difficult if not impossible to analyze the com-
position of the T-cell memory compartments 
in high detail. Recently, high-throughput se-
quencing (HTS) has revolutionized the field of 
genetics. 
 Recently, two papers provided evi-
dence that HTS-based tools can be used for 
high-throughput TCR-repertoire analysis.7,8 
One of the papers reports more ß-diversity in 
T-cell samples that were enriched for memory 
T-cells than estimates made by conventional 
sequencing. As these findings do not concur 
with the dogma of memory formation we per-
formed a detailed study to investigate clonal 
sizes and the composition of phenotypically 
well-defined memory and (antigen-) naive CD4 
and CD8 T-cell compartments of a healthy hu-
man donor. 
 Our HTS-protocol is the first proto-
col that uses linear amplification to provide 
full-repertoire screening without PCR-bias, 
thus providing an accurate representation of 
the TCR-repertoire. Here, we show that in con-
trast to previous suggestions only a few per-
cent of the memory clones are clearly expand-
ed and that the memory repertoire is much 
more diverse than anticipated, which has pro-
found implications for our understanding of 
T-cell memory.

MATERIALS AND METHODS

Donor, cell-lines and cell-sorting: Peripheral 
blood was obtained from anonymous healthy 
blood donors after obtaining informed consent 
(Sanquin, Amsterdam, NL). The donor used 
for all experiments except the Jurkat dilution 
experiment (Fig. 2d) was 21 years of age and 
did not have Cytomegalovirus (CMV) infection 
as determined by routine hospital CMV-PCR 
(Virology Dept. AMC, Amsterdam). Peripheral 
Blood Mononuclear Cells (PBMC’s) were iso-
lated by density gradient centrifugation with 
Ficoll-Isopaque (Pharmacia Biotech, Uppsala, 
S). 3 × 108 PBMC’s were sorted using the Vari-
oMACS system (Miltenyi Biotec, Bergisch Glad-
bach, G). T-cells were negatively selected using 
Pan T-Cell Isolation kit II according to the man-
ufacturer’s protocol (Miltenyi Biotec, #130-
091-156). T- cells were stained in V-bottom 
96-well microplates (cat no. 561101 Greiner 
Bio-One, Frickenhausen Germany) sorted by 
FACSAria (BD Biosciences, San Jose, CA) using 
the following antibodies (all from BD Biosci-
ences): anti-CD4 PerCP-Cy5.5 (clone SK3), an-
ti-CD8 APC-Cy7 (SK1), anti-CD45RA FITC (L48), 
anti-CD45RO PE (UCHL-1), and anti-CD27 APC 
(L128). CD4 memory cells were defined as 
CD4+CD8−CD45RO+CD45RA−; CD4 naive cells 
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Figure 1: Workflow of HTS protocol. RNA is isolated containing all the TCRβ mRNA molecules. The sample is amplified 
using V- (red) and C- specific (blue) primers. In case of a full-repertoire analysis a linear amplification protocol is used to 
prevent PCR-bias between different V-samples. In case of a single V-family a PCR is used. During amplification the specific 
primers are tailed by sequencing-tails which include Multiplex Identifiers and sequencing primers (pink). During HTS the 
reads are sequenced from the C-side. After sequencing bioinformatics algorithms are used to identify the segments and 
the CDR3 sequences (defined as the sequence between the V and J segment) and provide the frequency of each specific 
CDR3-recombination. Additional algorithms are used for correction of sequencing error (detailed description in material 
and methods). The color figure can be found in the appendix.
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as CD4+CD8−CD45RO−CD45RA+; CD8 naive 
as CD4−CD8+CD45RA+CD27bright; CD8 cen-
tral memory cells as CD4−CD8+CD45RA−CD-
27dim. All sorted populations were over 1.7 
million cells and >95% pure as confirmed by 
FACS-analysis.
 For the experiment described in Fig. 2a 
and b (reproducibility CD3) cells were sorted 
using the Pan T-Cell Isolation kit II. After sort-
ing cells were split into two duplicates of 10 
million cells each, and processed separately 
according to the protocols described below. 
These duplicates were pooled for the esti-
mates of the CD3 repertoire size (Fig. 3d). For 
experiments described in Fig. 1d, Jurkat T-cells 
(subclone J16) were cultured in DMEM culture 
medium supplemented with 5% FCS. Jurkat 
cells were diluted in CD4 T- cells that were 
sorted from PBMC’s using the VarioMACS sys-
tem through positive selection with αCD4-mi-
crobeads (Miltenyi Biotec, #130-045-101).

Amplification, emulsion PCR and high-through-
put sequencing protocol: RNA was isolated 
using the GenElute Mammalian Total RNA 
Isolation kit (Sigma–Aldrich, Zwijndrecht, NL, 
# RTN350). cDNA was synthesized with Super-
script RT-II and oligo-dT primers according to 
the manufacturer’s protocol (Invitrogen Life 
Technologies, Breda, NL, #18064). Linear am-
plification was performed using a primer set of 
V-primers that covers all functional Vß-genes9 
(HUGO-nomenclature according to ref. 10) (Bi-
olegio, Nijmegen, NL). All primers have similar 
kinetics as determined by qPCR. All primers 
were tailed with the primerA sequence as de-
scribed in the manufacturer’s instructions for 
Amplicon sequencing using the Genome Se-
quencer FLX system (Roche). In the first step of 
amplification 2 μL of cDNA was amplified in the 
presence of 20 pmol of each V-primer, 1 mM 
MgCl2 , 0.1 mM dNTP’s, 1× buffer B (Solis Bio-
Dyne, Tartu, Estonia), and 4 U of Hotfire-Poly-
merase (Solis Bio- Dyne) in a volume of 50 μL. 
The linear amplification was performed on a 
T3000-thermocycler (Biometra, Goettingen, 
G) in 40 cycles [hot start (96◦C 15min, then 
40× (96◦C for 30s, 60◦C for 1 30 s, 72◦C for 60 
s)]. Amplification-products were purified using 
AMPure SPRI beads (Agencourt Bioscience, 
Beverly, MA) according to the Amplicon se-
quencing manual, using a bead to PCR-product 
ratio of 1.8:1. After purification a second linear 

amplification was performed, but now using a 
single Cß-specific reverse primer (5′-CTCAAA-
CACAGCGACCTC-3′ ) (Biolegio, Nijmegen, NL). 
After the second amplification, the product 
is again purified using AMPure beads. To be 
able to measure the amount of product need-
ed for HTS, the product is amplified for 25–35 
cycles using primer A and primer B (from the 
HTS-protocol) as forward and reverse primers. 
Amplification conditions were similar to those 
used in the first two linear amplification steps. 
When analyzing only the Vß12 family the linear 
amplification is not necessary and a PCR was 
performed using the Vß12-specific forward 
primer, in combination with either a Jß1.29 or a 
Cß specific reverse primer (5′ -CTCAAACACAG-
CGACCTC-3′), with similar conditions as the 
linear amplification (32 cycles). The primers 
were tailed with four nucleotide long multiplex 
ID’s (MIDs) and 18 or 19 nucleotide long se-
quence-primers as described in the manufac-
turer’s protocol for Amplicon sequencing for 
Genome Sequencer FLX (Roche Diagnostics, 
Mannheim, G). Emulsion PCRs (emPCRs) and 
HTS were carried out according to the manu-
facturer’s instructions for Amplicon sequenc-
ing using the Genome Sequencer FLX system 
(Roche). In brief, all samples described were 
carried out in duplicates using the 16-region 
protocol. emPCRs were performed on 600,000 
template molecules and beads per reaction, as 
determined by fluorospectometry (Quant-iT 
dsDNA HS Assay Kit (#Q32851) on Qubit fluo-
rometer (#Q32857) both Invitrogen). After the 
emPCRs, beads were washed, enriched and re-
covered according to manufacturer’s protocol. 
Beads were counted using a Z1 Coulter count-
er (Beckman Coulter, Woerden, NL). A maxi-
mum of 40,000 beads was loaded per region. 
HTS was performed on the Genome Sequenc-
er FLX (Roche).

Bioinformatics: Four sequence analysis meth-
ods were developed to analyze the sequence 
reads. These methods were implemented in 
Perl and are available upon request:

1. MID-sort. This method identifies multiplex 
identifiers (MID) in each sequence read thus 
identifying reads belonging to different sam-
ples that were sequenced in multiplex.

2. Identification of gene-segments. For each 



C
C
a
C
PP

P
 2

: T
-
P
P
CC P

P
P

C
P
y
 &

 u
C
P
x
C
a
C
d
P
d
 P

CC
C
P
P

21

sequence read the V-segment and J-segment 
were determined using the BLAT- algorithm 
(BLAST-like Alignment Tool11) to align the V-ref-
erence and J-reference cassettes from the 
IMmunoGenTics database (www.imgt.org/
textes/vquest/refseqh.html) against every se-
quence read. The BLAT alignments are sorted 
according to their score and, subsequently, on 
percent identity. The best alignment (highest 
score with highest percent identity) is selected 
for further analysis.

3. CDR3 detection. The CDR3 was determined 
for every read from the corresponding se-
quence alignments (with V- and J-segment) 
as the region between the V- and J-segment. 
Since, generally, a few nucleotides are deleted 
from the V- and J-segment during recombina-
tion (as one of the mechanisms to introduce 
variability), we first determined the precise 
borders of the V and J segments in the se-
quence reads using the query start and end 
position information of the alignment. Subse-
quently, the CDR3 could be determined. This 
also defines the CDR3.

4. Correction for artifacts. We corrected for 
two sequencing- artifacts. First, all CDR3s that 
contained an uncalled nucleotide (N) were re-
moved (<0.4% of the CDR3 sequences). Next, 
we corrected for insertions or deletions in the 
CDR3 as the most common sequencing error.12 
We make use of the fact that the V-segment 
and J-segment should be in the same reading 
frame. Reads that were out-of-frame were re-
moved (8–12% of the sequence reads).

Distribution description: For Fig. 3a a standard-
ized dataset was made. The lowest yield of 
corrected reads was 18,842 reads (CD4 mem-
ory subsets). To obtain a standardized dataset 
the reads in the other subsets (up to 23,331) 
were randomized and 18,842 reads from each 
subset were selected for the dataset.

Repertoire estimates: Fitting Poisson mixture 
distributions: Four models were fitted to the 
histogram data shown in Fig. 3b; Poisson dis-
tribution, the two point Poisson mixture dis-
tribution, the Poisson lognormal distribution, 
and the Negative Binomial distribution (= Pois-
son gamma distribution). Using chi-square fit 

statistics the Poisson lognormal distribution 
fitted best to the observed histogram (illus-
trated in supplementary Fig. 1). We extrapo-
lated the lognormal distribution to estimate 
the number of clones that had a frequency 
of zero in our analysis. By adding these to our 
measured clones we estimated the total num-
ber of clones in the repertoire of our donor. To 
estimate the repertoire of the whole TCR-rep-
ertoire in each subset the estimate was multi-
plied by 100/6.1, where 6.1 is the percentage 
of TCR with a Vß12 gene- segment as deter-
mined by performing a full-repertoire analysis 
with 23 V-primers covering all known V-genes.9

Capture–recapture: The capture–recapture 
method for repertoire size estimates has been 
described previously.13 Briefly, by analyzing 
multiple samples of the same repertoire and 
determining the number of clones found in 
the first sample only, in the second sample 
only, and in both samples, we can estimate the 
number of clones that were not found in both 
samples. We performed capture–recapture by 
randomly dividing our samples into two groups 
and performing the analysis. We repeated this 
100 times per sample.

Exhaustive sequencing: A third method to es-
timate the repertoire sizes of the subsets is 
‘exhaustive’ sequencing. By analyzing an in-
creasing amount of reads the amount of newly 
found clones will decrease, eventually to zero, 
if all clones have been sequenced.2,13 Then the 
sample has been exhaustively sequenced. As 
shown in Supplementary Fig. 1, by applying 
this method on the Vß12 samples, the sam-
ples have not been exhaustively sequenced. 
Therefore, we analyzed the Vß12–Jß1.2 family. 
As shown the amount of new clones decreases 
to zero. We took the total amount of clones 
found and extrapolated the numbers to the 
complete repertoire by multiplying the num-
ber by the J-usage (as determined in the Vß12 
samples) and the V-usage (described above).
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RESULTS

Development and validation of the HTS-proto-
col: The workflow of our HTS-protocol is de-
picted in Fig. 1. The detailed protocol can be 
found in the materials and methods section. 
The protocol uses mRNA/cDNA as input, which 
is amplified with a set of specific V- primers 
that cover all functional V-genes. A linear am-
plification is used for full-repertoire analysis to 
prevent PCR-bias between the different V-fam-
ilies. During amplification sequencing primers 
are added to prepare the samples for HTS. 

After HTS a custom developed software algo-
rithm identifies for each read the V-gene and 
J-gene used, and consequently the CDR3 se-
quence at the VJ- junction. Several algorithms 
are subsequently used to identify and (if pos-
sible) correct for sequencing errors. The CDR3 
sequence (in combination with the V and J 
gene used) is a unique identifier for individual 
memory clones, as each ß- chain of a memo-

ry clone only dimerizes with a single α-chain.2 
Therefore, the CDR3 sequence alone of the 
ß-chain is sufficient to uniquely tag an individ-
ual clone. In naive T-cells a ß-chain (which is 
rearranged earlier in the thymic development 
than the α-chain) dimerizes with multiple 
α-chains, and should therefore be considered 
as a tag for several naive clones.2 Here, we use 
the term ‘clonal tag’ to indicate the CDR3 se-
quence (in combination with the V and J gene).

Validation of NGS protocol: Several experi-
ments were performed to validate the key 
properties of the protocol (Fig. 2). First, we 
tested reproducibility by analyzing a sample 
in duplicate: 20 million CD3+ cells were split 
into two equal samples of 10 million cells. 
Cells in both samples were lyzed, cDNA was 
synthesized and the Vß12 family was ampli-
fied using a Vß12-specific primer and a con-
sensus C-primer [9]. In each sample using the 
HTS-protocol we counted the number of reads 
encoding each of the Vß12-subfamilies (Fig. 
2a), encoding each Jß-family (Fig. 2b) and en-

Figure 2: Validation of HTS-protocol: An analysis of CD3-sorted cells (MACS) was performed in duplicate. 20 million cells 
were split in two equal samples. Both samples were lysed, cDNA was synthesized and the Vβ12 family was amplified 
using a Vβ12-specific primer and a consensus C-primer. Both samples were analyzed using the HTS protocol. (a) V-us-
age, (b) J-usage, (c) VJ-usage; each data point represents a single VJ-combination (lin. regression R2=0.99 (P<.0001); (d) 
A duplicate HTS measurement was also performed for the CD4 memory subset (Vβ12-Jβ1.2). The 15 most expanded 
clones are shown. (e) A dilution-curve experiment was performed in which Jurkat T-cells were diluted in a background 
of CD4 T-cells (MACS). Ratios of Jurkat:CD4 of 1:16,000 to 1:128,000 were made. cDNA was prepared from all samples 
and analyzed for the Vβ12-J1.2 family (which includes the Jurkat TCR) The figure shows the input (Jurkat cells/CD4) and 
output (number of Jurkat CDR3 recovered as percentage of total reads). The correlation coefficient (R2) between input 
and output is 0.99 (P<0.0001). The color figure can be found in the appendix.



C
C
a
C
PP

P
 2

: T
-
P
P
CC P

P
P

C
P
y
 &

 u
C
P
x
C
a
C
d
P
d
 P

CC
C
P
P

23

coding a specific combination of V- and J-gene 
segments (Fig. 2c). Analysis of the latter results 
showed a clear linear correlation between re-
sults obtained in both samples (linear regres-
sion R2 = 0.99, P < 0.0001). To investigate repro-
ducibility on the level of individual clonal tags 
we performed a duplicate HTS measurement 
of the Vß12–Jß1.2 rearrangement in a sample 
of (flowcytometry sorted) CD4 memory cells 
(Fig. 2d) which again showed a strong linear 
correlation between the degree of expansion 
of individual clonal tags in both samples.
 Next, to overcome the limitation of cur-
rent techniques to provide quantitative re-
sults, we validated the quantitative nature of 
the HTS-protocol by serial dilution of Jurkat 
T-cells in a back- ground of CD4 T-cells. Sam-
ples ranging from 1:16,000 to 1:128,000 (Jur-
kat cells: CD4 background cells) were analyzed 
separately using the HTS-protocol. As read-
out we used the ratio of the recovered Jurkat 
clonal tag to the total recovered tags (of the 
background CD4 CDR3’s) within the Vß8–Jß1.2 
family (used by Jurkat cells) (Fig. 1e). We found 
a linear relation between input (Jurkat cells/
CD4) and output (Jurkat/CD4) (R2 = 0.99, P < 
0.0001).
 Since a wrongly called base in the CDR3 
region will result in a new clonal tag, we esti-
mated the frequency of miscalls by the HTS- 
protocol in two different ways. We analyzed 
the full sequence of 91 ß-chains from Jurkat 
T-cells. By aligning each of the 91 reads to the 
consensus sequence of the Jurkat T-cell (Vß12–
Jß1.2), miscalls in V and J segments could be 
identified. A total of 20,214 nucleotides were 
analyzed in which 25 misreads were identi-
fied, providing a miscall frequency of 1 in 808 
bases. Since the average length of the CDR3 
(in our experiments defined as the sequence 
between the Variable and Joining segment) is 
14.1 nucleotides, based on this analysis the ex-
pected frequency of CDR3 miscalls is 1 in every 
56.9 CDR3’s, or 1.7%. In another approach, we 
performed deep sequencing of the CD4 naive 
Vß12–Jß1.2 family (n = 21,935 reads). supple-
mentary Fig. 1c shows the number of clones 
with a given number of reads in our sample. 
As expected based on the underlying sampling 
process the distribution follows a Poisson log- 
normal distribution, with on average 9 reads 
per clone. However, there seems to be an ex-
cess of clones with a frequency of 1 compared 

to the rest of the distribution, likely due to mis-
calling of a nucleotide. Curve fitting suggests 
that approximately 580 out of the 680 clones 
with only 1 read are in excess, indicating that 
approximately 2.6% of the total reads (580 in 
21,935 reads) are in error due to miscalling of 
bases. These error rates will have little effect 
on the results presented further on in this ar-
ticle (in figure 3). If a miscall rate of 2% is ap-
plied to the distribution (in figure 3), 2% of the 
clonal tags with a frequency of 1 are omitted 
as miscalls. In that case, the percentages of ex-
panded clones are still 2% for the CD4 mem-
ory cells and 9% (instead of 7%) for the CD8 
memory clones. Given the low frequency of 
misreads, the estimates of the ß-chain diversi-
ty will only be slightly overestimates.

Measurement of clonal composition: Next, 
we analyzed the composition of the TCR-rep-
ertoire in the naive and memory compart-
ments of a 21-year-old healthy male. Out of 
500mL of peripheral blood we isolated the 
fol- lowing T-cell subsets using fluorescence 
activated cell-sorting: CD4 naive (CD45RA+/
RO−), CD4 memory (CD45RO+/RA−), CD8 na-
ive (CD45RA+/CD27bright) and CD8 central 
memory cells (CD45RA−/CD27dim). Each sub-
set-sample contained at least 1.7 million cells 
to prevent repeated sampling of individual 
cells. TCRß cDNA was amplified using TCR Cß 
and Vß12 specific primers followed by HTS and 
bioinformatics. This yielded the clonal tags of 
18,442–23,305 ß-chains per compartment.
 Fig. 3a shows the number of reads for in-
dividual tags in each compartment, standard-
ized for 18,442 reads (see Section 2). The naive 
CD4 and CD8 compartments consist mainly of 
low frequency tags (<18 reads/clone); only in 
the CD8 naive compartment one single clonal 
tag showed more reads (68 reads). In contrast, 
in the CD4 memory compartment, and even 
more so in the CD8 memory compartment, 
multiple high frequency clonal tags were ob-
served with sizes up to 151 and 3,149 reads/
clone, respectively.
 Surprisingly, most of the memory clonal 
tags are of low frequency clones and have sim-
ilar frequencies as naive clonal tags (Fig. 3b), 
which is in contrast to previous reports. The 
exact percentage of small clones is difficult to 
determine since there is no absolute cut-off 
point. If expanded clones are arbitrarily, but 
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conservatively defined as having more than 17 
reads/clone in 18,442 reads, based on our data 
we estimate that only 2% of the clones in the 
CD4 memory compartment and 7% in the CD8 
memory compartment are clearly expand-
ed. We chose a conservative arbitrary cut-off 
based on the following observation. The dis-
tribution of the small CD8 and CD4 memory 
clonal tags follows a Poisson lognormal distri-
bution (as shown in supplementary Fig. 1b). In 
both distributions the ordinate value of zero 
is reached at values higher that 20 (in 18,442 
reads) (clones with higher frequency obvious-
ly deviate from the Poisson lognormal distri-
bution). We therefore chose a conservative 
cut-off of 17, which will overestimate the per-
centage of expanded clones. 17 was also the 
maximum number of reads we found per na-
ive clone, although naïve and memory clones 
as defined by their ß-chain are difficult to com-

pare directly. These findings were confirmed 
in a second donor (age 25) (supplementary 
Fig. 2). Although the expanded clones in our 
memory samples are clearly a minority of the 
clones, they do have a striking impact on the 
compartment level. In our sample the 2% of 
expanded clones in the CD4 memory compart-
ment comprise 22% of the reads, while the 7% 
of expanded clones in the CD8 memory com-
partment comprise 69% of the reads (Fig. 3c).

TCRß-Chain diversity estimates in different 
compartment using multiple techniques: 
Next, we investigated the ß-chain diversity in 
the T-cell compartments using several tech-
niques which are described in Section 2. Fig. 
3d shows estimates for total ß-chain diversity 
using capture–recapture analysis (light blue), 
fitting of Poisson mixture curves (dark blue), 
and exhaustive sequencing (also supplemen-

Figure 3: High throughput sequencing analysis of T-cell compartments in a healthy donor: 18,442 randomly selected 
reads from CD4 and CD8, naive and memory compartments were analyzed. (a) Scatter plot showing the number of 
recovered reads per clone (dot) for each compartment. (b/c) Stacked bar diagrams showing the impact of the expand-
ed clones on the level of the compartment. Although only 2% and 7% of the clones are expanded to >17 reads in our 
analysis for CD4 and CD8 memory subsets respectively (b), these expanded clones comprise 22% and 69% of the reads 
analyzed (c), making these expanded clones very dominant on the celluxlar level. (d) Estimates of the repertoire sizes 
of the different compartments using different techniques; curve-fitting of a Poisson-lognormal mixture (dark-blue), cap-
ture-recapture analysis (light blue), and exhaustive sequencing of the Vβ12-Jβ1-2 family (red). The color figure can be 
found in the appendix.
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tary Fig. 1). The estimates for the CD4 T-cells 
ranged from 370,000 to 450,000 for the naive, 
and from 190,000 to 250,000 for the memory 
compartment, implying that the ß-chain diver-
sity in the CD4 memory compartment is only 
two times less diverse than the naive compart-
ment. Estimates for the CD8 naive compart-
ment ranged from 280,000 to 410,000 and 
from 30,000 to 140,000 for the memory com-
partment, indicating that the ß-chain diversity 
in the CD8 memory compartment is 3–10 times 
less diverse than the CD8 naive compartment. 
These findings were replicated for the CD4 
cells in a second healthy donor (supplementa-
ry Fig. 2). These data indicate that, compared 
to the naïve compartments, the ß-chain diver-
sity in the T-cell memory compartments is far 
more diverse than previously anticipated.

DISCUSSION

 T-cell memory is essential to protect the 
body against (recur- rent) infections. Due to 
its complexity, knowledge on the composition 
and formation of the memory repertoire pro-
gressed slowly. Here, using HTS we observed 
that in contrast to previous suggestions, the 
memory repertoire consists mainly of small 
memory clones. In fact we estimate that only 
7% of the CD4 memory clones and 2% of the 
CD8 memory clones are expanded. In line with 
this observation we also find that both the 
CD8 and especially the CD4 memory ß-chain 
repertoire are much more diverse than antici-
pated.  
 These findings together shed new 
light on the way our immunological memory 
seems to ‘remember’ antigen encounters as 
discussed below. Very recently, Robins et al. 
briefly mention an abundance of very small 
memory clones in two additional healthy do-
nors, while developing a HTS-protocol using a 
different (DNA- based Illumina) HTS-platform.8 
Although this paper does not elaborate on the 
amount and sizes of these clones, its results 
are in line with our observations, using a dif-
ferent approach.
 To ensure proper estimates of the 
ß-chain diversity it is paramount to obtain a 
proper distinction between naive and mem-
ory compartments. We therefore performed 
an extensive phenotyping of our subsets using 

the presence or absence of multiple naive or 
memory surface markers. As expected virtual-
ly no expanded clones were found in the naive 
compartments. There- fore, we believe that 
our estimates are based on well defined and 
sorted subsets. Our diversity estimates are con-
siderably lower than those reported by Robins 
et al., which might reflect our more selective 
cell-sorting strategy. This is also suggested by 
the observation of multiple clonal tags with 
high frequencies in the naive enriched subsets 
(>50% when compared to memory enriched 
subsets) in the findings of these authors.
 Although suggested by previous studies, 
it was never formally shown that the CD8 com-
partment harbors much larger clones than the 
CD4 memory compartment [14]. In our anal-
ysis we found that in contrast to CD4 memo-
ry clones, CD8 memory clones can expand to 
>10% of the analyzed compartment. General-
ly speaking, in any sample of limited size the 
presence of high frequency clones will lead to 
the relative underrepresentation of low fre-
quency clones. As shown, this phenomenon 
might explain the relative underrepresentation 
of small clones in previous diversity estimates 
that were based on conventional sequencing. 
Although the HTS-based proto- col is far less 
sensitive to this phenomenon, and we used 
500 mL of blood to start with, the presence of 
the large CD8 memory clones might even in 
our analysis lead to slight underestimation of 
the amount of small clones in the CD8 mem-
ory subset. This would imply that the diversity 
in this subset might be even higher than esti-
mated.
 The implication of our findings is that we 
might need to change our vision of the memo-
ry repertoire. Where it was assumed that most 
memory clones are (very) large, it seems that 
the vast majority of the memory clones (>90%) 
is in fact relatively small. This has several im-
portant consequences for our understanding 
of both fundamental and clinical immunology.
Firstly, the abundance of small memory clones 
and the strong diversity of the memory rep-
ertoire raises many questions on the devel-
opment of the memory repertoire. Foremost, 
what deter- mines the size of a memory clone? 
Is the size purely determined by recent expo-
sure to the specific antigen or do other factors 
such as avidity of the primary immune re-
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sponse also play a role in the size of the clone? 
Of interest, a recent study by van Heijst et al. 
showed that recruitment of antigen-specific 
CD8 T-cells is highly effective.15 If we combine 
these data with ours it is tempting to speculate 
that it might not be necessary for the immune 
system to maintain large memory clones. 
Keeping (latent) clones small might provide 
more ‘space’ to maintain a diverse repertoire.
Secondly, these insights in the memory rep-
ertoire might prove important in our under-
standing of immunological tolerance, which is 
a delicate interplay between regulatory T-cells 
on the one hand and (auto)reactive T-cells on 
the other. As thymic output declines during 
ageing the amount of newly formed thymic 
Tregs also declines, thereby decreasing the 
ability of the immune system to regulate im-
mune responses. As the memory repertoire 
seems larger than anticipated this might also 
increase the chance of uncontrolled (auto)
immunity. Thus, it can be hypothesized that a 
diverse memory repertoire (and not a skewed 
repertoire) might actually predispose to auto/
allo-immunity. An alternative hypothesis is of-
fered by Akbar et al., who recently commented 
on the possibility that regulatory T-cells can in 
fact be recruited from the memory compart-
ment.16 This would argue in favor of a diverse 
repertoire when the body needs protection 
against its own immune system. Therefore, 
T-cell memory diversity might be an important 
factor in the balance between the effector and 
regulatory functions of the immune system.

 Finally, concerning clinical immunology 
our findings might shed new light on previ-
ous diversity estimates that were made using 
conventional techniques (e.g. Sanger sequenc-
ing). Based on these techniques it is assumed 
that in physiological situations such as aging, 
but also in pathophysiological situations such 
as rheumatoid arthritis and chronic infections 
the memory repertoire becomes less diverse 
(skewed).3,4 However, in all these situations 
large clonal expansions have also been de-
scribed. As discussed above, these large clones 
might contribute to ‘relative undersampling’ 
of small clones, which might cause an under-
estimation of the total repertoire diversity. 
The HTS technology now opens the possibility 
to revisit these (patho-)physiological condi-
tions to provide a more detailed picture of the 
dynamics of the memory repertoires in these 
and many other conditions.

 In conclusion, we show that T-cell mem-
ory repertoire consists mainly of small, un-
expanded memory clones and that the rep-
ertoire is much more diverse than previously 
anticipated. These findings have important im-
plications for our understanding of the role of 
memory diversity in health and disease. HTS-
based proto- cols like ours open the opportu-
nity to follow clonal expansions over time to 
identify the factors that shape the memory 
T-cell repertoire.
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Supplementary Material chapter 2

Supplementary figure 1: (a) exhaustive sequenc-
ing: The number of clonal tags detected as a func-
tion of the amount of reads that were analyzed to 
see whether all possible clonal tags were recovered 
from the sample (exhaustive sequencing). This can 
be concluded if the slope of the curve becomes 0 
(no new clonal tags found when more reads are 
analyzed). While the samples analyzed for the 
complete Vβ12 family still yielded more clonal tags 
when more reads were included (except for the CD8 
memory subset), the Vβ12Jβ1.2 samples seemed 
to level off, indicating that most clonal tags in the 
sample were recovered in the results. (b) Fitting of 
Poisson lognormal curves: an example of the Pois-
son-lognormal curve fit is shown for the CD4naive 
Vβ12 family. The curve follows the same distribu-
tion as the observed sample (Chi-square statistics 
p=0.26). (c) Deep sequencing of the Vβ12Jβ1.2 
naïve compartment. On the x-axis the amount 
of reads/clonal tag is depicted. On the Y-axis the 
amount of clones with a particular amount of reads 
is shown. Assuming that miscalling of bases during 
sequencing in most instances results in “false clon-
al tags” with a frequency of one read per clone 1, 
and assuming that this miscalling thus explains the 
excess of clonal tags with one read per clone, we 
can thus estimate the frequency of miscalling as 
(680 – 100)/21,935 = 2.6%, suggesting that 2.6% 
of the reads contain a miscalled base resulting in 
a “false clonal tag”. The color figure can be found 
in the appendix.
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Supplementary Material chapter 2 (continued)

Supplementary figure 2: Replication of high-throughput sequencing analysis of T-cell compartments in a second 
healthy donor: Analysis were performed as described in figure 3. 18,442 randomly selected reads from CD4 and 
CD8, naive and memory compartments were analyzed. (a) Scatter plot showing the number of recovered reads 
per clone (dot) for each compartment. (b/c) Stacked bar diagrams showing the impact of the expanded clones 
on the level of the compartment. Although only 2,8% and 2,9% of the clones are expanded to >17 reads in our 
analysis for CD4 and CD8 memory subsets respectively (b), these expanded clones comprise 31% and 50% of the 
reads analyzed (c), making these expanded clones very dominant on the repertoire level. The color figure can 
be found in the appendix.

C


