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Hanshi Xu!-2, Changxi Wang?, Xiao Liu?, Yi Zhao?, Wei Zhang?"

'Department of Life Sciences, University of Chinese Academy of Sciences, Beijing, PR China

2BGI-Shenzhen and Shenzhen Key Laboratory of Transomics Biotechnologies, BGI-Shenzhen, Shenzhen, PR China

Abstract

High Throughput Sequencing (HTS) is a feasible approach for characterizing T-Cell Receptor (TCR)
repertoire, and this technology has been applied in various diseases. For a pregnant woman,
immunologic balance may be interrupted when the foetus grow up. How to adjust the mother’s immune
system and what’s the difference before and after pregnancy are limited known. Herein, we use the
multiplex PCR method to amplify TCR-$ repertoire for both pregnant women and non-pregnant
women. Total 12 samples are sequenced by HTS which produce on average 6.43 million sequences for
each sample. We observe that the repertoire diversity and CDR3 number tend to decline slowly in
gestation period. The content of high-frequency is found remarkably expended at the second trimester
and then shrunken at the third trimester. Pregnant samples are clustered together and non-pregnant
samples are clustered to another group using both V genes and V-]J pairings. Furthermore, seven V
genes which are significantly different between two groups are identified. Finally, high-frequency clones
of a pregnant woman are visualized among three time-point pregnancies. Our study can provide new
insight into understanding the immune response during the pregnancy, and the repertoire

characteristics would provide a reference for other investigators.
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Introduction

T cell plays an important role in immune system. It is involved
in autoimmunity, cancer therapy and protecting against
infections. T Cell Receptor (TCR) is a dimer protein presented
on the surface of T cell. It can recognize the invading antigen
presented by Major Histocompatibility Complex (MHC), and
trigger the activation of T cells. TCR is generated by
recombination of Variable (V) Diversity (D) and Joining (J)
gene segments. At the same time, some nucleotides are deleted
randomly at the 3°V, 5D, 3D and 5'J gene, and non-template
nucleotides are inserted between V-D and V-J junction region
[1,2]. There are more than 50 V gene segments, 2 D gene
segments and 13 J gene segments for human reported in IMGT
database. Hence, those multiple genes recombination and
diverse insertion/deletion nucleotides result in a huge amount
of TCRs diversity. It is predicted that the potential TCR
diversity reach to 10'8 in theory [3]. Actually, over 1 million
different CDR3 sequences were observed in human blood [1].

Currently, TCRs can be amplified by multiplex PCR
technology and sequenced by high throughput sequencing or
Next Generation Sequencing (NGS). This technology has a
variety of applications, such as infectious disease [4],
autoimmune disease [5], vaccine [6] and cancer research [7].
Foetus, as a semi-antigen can activate maternal immune cells
and maternal tolerance is critical to prevent foetal abortion [8].
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Several researches focused on the function of regular T (Te,)
cell in mouse model during pregnancy [9-11]. Some other
researchers have reported the importance of Ty, cell in human
decidua or/and blood [12,13]. Although a paper showed
interest in T cell changes during pregnancy [14], only
traditional PCR method was used. We think that using NGS
technology to track the T cell repertories changes during
pregnancy can provide another perspective to understand
pregnancy process.

In this article, we focused on the changes of TCR-f repertoires
during pregnancy. Both non-pregnant women and pregnant
women were used in this research. TCR-B repertoire was
amplified by multiplex PCR and then was sequenced by
[llumina NGS platform. We showed the changes and the
diversities for both CDR3 and V-J pairing during pregnancy.
The number of CDR3 in pregnant women went down at first
and became stable until it reached half number of which in
non-pregnant women. The frequency variation of CDR3 was
divided into four parts and we found the highly expanded
clones seemed to further expand at the second trimester and
then decrease at the third trimester. Samples of pregnant were
clustered together using correlation of both V genes and V-J
pairings. Furthermore, we found remarkably different V genes
and V-J pairings usage between the non-pregnant and pregnant
groups. Finally, high-frequency clones of a pregnant woman
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were visualized among three time point pregnancies to reflect
their dynamic changes.

Materials and methods

Blood samples

The pregnant donors were recruited voluntarily, and diagnosed
without disorders or infections. Gestation weeks for all the
pregnant donors (PW1, PW2 and PW3) were diagnosed by
doctors. Samples of peripheral blood mononuclear cells
(PBMCs) at seven time points were collected. PW1 was at the
4t (p1), 5t (p2) and 8™ (p3) week. PW2 was at the 9t (p4)
and 30" (p7) week. PW3 was at the 15" (p5) and 23" (p6)
week. These pregnant women gave birth to healthy babies. We
also collected samples of PBMCs from other five recruited
health female donors (npl, np2, np3, np4, np5) who were all
self-proclaimed healthy and diagnosed non-pregnancy. Another
sample of PBMC from np6 was recruited to evaluate the robust
of multiplex PCR, who was self-proclaimed healthy as well.
That sample was an independent sample and did not be used in
further analysis. The study was approved by the Institutional
Review Board at and BGI-Shenzhen and written informed
consents were obtained from these donors.

Library preparation and high throughput sequencing

All gDNA from PBMCs were extracted with a QIAamp DNA
Blood Mini Kit, and lug gDNA was collected for the further
PCR. The third complementarity determining (CDR3) regions
of TCR beta were amplified by multiplex PCR and sequenced
using methods described previously [15]. We used 30 forward
primers annealed to the FR3 region of TCR and 13 reverse
primers annealed to the junction (J) region in order to enrich
the maximum possible CDR3. The cycling conditions were as
follows: 98°C at 30 min for warming up, 30 cycles at 94°C for
30 sec, 60°C for 90 sec, and 72°C for 30 sec, adding 98°C at 30
min for extension finally. The target amplified fractions less
than 180 bp and more than 110bp were kept and purified for
sequencing. We sequenced these products using Illumina Hiseq
2000 platform following the manufacturer’s protocol strictly.
Raw reads from 2.9 M to 9.6 M were generated, which were
pair end 100 bp.

Analysing of the sequencing data

All these TCR sequencing data were analysed using TCR and
BCR repertoire analysing pipeline iMonitor [15]. The brief
process was that: firstly, low-quality sequence was discarded
and Paired-End (PE) reads were merged by their overlapping
nucleotides. Secondly, V, D and J gene segments were assigned
by BLAST alignment and further re-alignment, where VDJ
germline genes from IMGT database were as the reference for
alignment. Thirdly, sequencing error was corrected, and CDR3
region, deletion and insertion were identified. Finally, some
statistics and visualizations were done for each sample. The
diversity of repertoire was evaluated by Shannon Index. In
order to eliminate the effect of different sequencing depth of all
these libraries, we normalized each sample by selecting

1162

Xu/Wang/Liu/Zhao/Zhang

randomly the same amount of sequences for further analysis.
Additionally, low-frequency sequence (CDR3 abundance<3)
was discarded to reduce the effect of sequencing error.

R (version 3.1.0) and ggplot2 package were used to do the
statistical analysis and figure painting. We did unpaired two-
tailed t-test for the CDR3 number between the pregnant group
and non-pregnant group. Two-tailed Wilcox test was used for
compare the different usage of V gene number. In order to get
high confident result, the V gene usage number divided by
total V gene usage number greater than three divided by V
gene species number in either groups was left for calculating
significance. We calculated Pearson’s correction coefficient
between two libraries from the same individual (np6). Among
all the tests, p-value<0.05 was treated as significant.

This research was reviewed and approved by a duly constituted
ethics committee (the Institutional Review Board on Bioethics
and Biosafety of BGI).

Result

Reproducibility assessment for multiplex PCR

To test whether the Multiplex PCR (MPCR) method was
replicable, a healthy individual was used to assess the
technological reproducibility. We utilized two equivalent
amount of DNA to prepare for MPCR amplification separately.
We sequenced the two libraries using I[llumina and processed
the raw data by iMonitor [15]. The same amount of effective
data was randomly selected to compare CDR3 frequency
distribution between the replicates. We compared the
frequency of all the CDR3 clonotype from the two samples and
calculated Pearson’s correlation coefficient between them.
Figure 1 shows the all CDR3 frequency distribution for those
two samples. The dark pink points stand for the CDR3’s
observed on both replicates while the blue ones represent the
CDR3 existed at only one sample. The frequencies are similar
for most CDR3 and the Pearson’s correlation coefficient reach
to 0.9906, which demonstrates that clone reproducibility for
this method is good. Additionally, the high frequency of
CDR3, more than 0.01%, can be replicable. Therefore, the
CDR3 clone with high frequency of above 0.01% is consistent
during detection in this experiment. Those results demonstrate
that the method is replicable, sensitive and reliable.

Diversity analysis for both non-pregnant and
pregnant samples

The diversity of TCR repertoire can be reflected by the
diversity of its highly variable CDR3. Thus, our analysis focus
on CDR3 sequences. We did basic statistical analysis on the
constitution of CDR3, the number of CDR3, Shannon index for
CDR3 and of V-J gene pairing usage as shown in Figure 2. The
in-frame (with the correct open reading frame) rate of clones is
nearly 80% for all samples. The rest of clones (~ 20%) are
observed with CDR3 nucleotide length that is not equal to
multiple of three. Few clones embedded stop codons or derived
from V/J pseudogene. However, no difference is observed
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between the non-pregnant women and the pregnant women or
just in pregnant women as shown in Figure 2A. The CDR3
numbers vary from sample to sample and the difference
between non-pregnant and pregnant women is obvious as
shown in Figure 2B. The mean CDR3 number in non-pregnant
woman group is nearly 27000 compared with 17500 in the
pregnant women group (p=0.021, unpaired t-test). For the
pregnant woman group, the CDR3 number tends to decline
along with the increment of the gestation period. From 9t
week to 30" week, the number seems to be fluctuated from
13000 to 17000, which is nearly half ratio of non-pregnant
samples. Besides, we calculated the Shannon index for CDR3
as shown in Figure 2C and V-J pairing as shown in Figure 2D
for each sample. The Shannon index of CDR3 varies from
14.29 to 13.47 in non-pregnant group. In the first trimester
(from week 0 to 5™ week), the Shannon index is close to the
non-pregnant group; it tends to decrease in the second trimester
and to increase in the third trimester. The Shannon index of V-J
pairing reveals the same trend with the exception that it is
declined in the 4" ~ 5™ week. Those results show the overall
immune status of the non-pregnant and the pregnant women,
together with its changes in gestation period.
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Figure 1. CDR3 frequencies between two replicated libraries. Each
point stands for a unique CDR3 in the two libraries. The dark pink
points are the CDR3 s shared in both libraries. The blue points are
the CDR3s existed in only one library. The x axis is the frequency of
CDR3 in libraries np6-1 while the y axis is the frequency of CDR3 in
libraries np6-2.

Change in the high frequency TCR’s during
pregnancy

To test the clone frequency distribution during pregnancy, we
divided the total CDR3’s into 4 segments by their frequency:
high frequency > 0.1%, relative high frequency 0.01% ~ 0.1%,
relative low frequency 0.001% ~ 0.01%, and low frequency
<0.001% as shown in Figure 3A. We found clones with relative
low frequency accounted for the majority of the repertoire
while clones with high frequency accounted for a small part.
The relative-low-frequency part in the non-pregnant samples
was higher than in the pregnant group. On the contrary, the
high frequency part revealed the opposite trend. The high
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frequency clones were less influenced by the sequencing errors
and reflected the expanded clones, so we further investigated
their frequency change along with the increment of the
gestation time as shown in Figure 3B. The total percentage of
high-frequency clones accounts for 5% on average in the non-
pregnancy samples; the percentage slightly increases from Ot
week to 8™ week in the pregnancys; it tends to increase sharply
from 10 to 17" week and is up to 34% in the 17" week; later
on, it tends to decline smoothly and the percentage is 15% at
the 30" week. However, the percentage in 30" week is still 3
times larger than the one in 0™ week. This process explains
that the immune system is simulated by some kind of antigens
in the second trimester and then gets tolerated when the
gestation time increase. The change is similar for the Shannon
index of CDR3 and V-J pairing. It might be that the embryo is
treated as extraneous material at first stage and the maternal
immune system is tolerated to the embryo later.
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Figure 2. The basic statistics for non-pregnant and pregnant women
samples. (A). the in/out-of-frame rate of CDR3 in each sample at
each time point. The blue stands for the percentage of in-Frame (iF)
rate. The green stands for the percentage of out-of-frame (containing
stop codon) (oFS) rate. The brown stands for the out-of-frame
(incorrect CDR3 length) (oFS) while the purple one stands for the
non-function (pseudogene) (nF'P). (B). the number of CDR3 changes
over time. (C). The Shannon index of CDR3 changes over time. (D).
The Shannon index of V-J pairing changes over time.
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Figure 3. Segmental CDR3 frequency distribution. (4). the ratio of
CDR3 among four parts. (B). the ration of high frequency CDR3
number changes over time. The red points are the ration of high
frequency CDR3 in each sample. As we have 5 non-pregnant women,
the value of zero week is the average of 5 samples (point is not
shown). There are two points whose values are very close (one is 5.21
and the other is 5.67). Thus the two points are overlapping.
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Convergent V gene and V-J pairing usage was
observed in the pregnant samples

To see whether non-pregnant and pregnant groups have
different V gene and V-J gene pairing usage, we compared the
gene usage among all samples. We calculated the correlation
coefficient of V gene usage between any two samples and
showed them in Figure 4A by heatmap. The correlation
coefficients between non-pregnant samples range from 0.2 to
0.8 while they are all above 0.8 between the pregnant samples.
It demonstrates that the samples in pregnant group are more
similar in the V gene usage than the non-pregnant samples.
Furthermore, we clustered those samples by correlation
coefficients. The pregnant group seems to be clustered
together, as well as the non-pregnancy group. For V-J gene
pairings, we did the same processing as shown in Figure 4B.
The result is similar to the V gene usage that higher similarity
is observed among pregnant samples. Although the correlation
coefficients of V-J pairing are much lower than those of V
genes, the pregnant samples are also clustered to one group.
However, some details are different from V gene usage. In V-J
gene pairing usage cluster, pl, p2 and p3 have close
relationship, p5 and p6 are close to each other and p4 and p7
are clustered while the V gene usage cluster has different
relationship. In V gene cluster p3, p7, p4 and pl have close
relationship while the p6, p5 and p2 are similar to each other. It
suggests that the TCR repertoire in the pregnancy tends to use
similar V and J genes for recombination.

Figure 4. Pearson’s correlation coefficient between any two samples.
(4). For V gene usage. (B). For V-J gene pairing usage. We
calculated the Pearsons correlation coefficient between each two
samples by V gene and V-J pairing number. Using k-means
algorithm, these samples were clustered. The color from yellow to red
means the correlation coefficient from small to large.

V gene usage preference in the pregnancy

As V gene usage is observed to be different between pregnant
group and non-pregnant group, we intended to figure out which
V gene usage is remarkable. To illustrate that, a bar plot was
drawn for each V gene usage as shown in Figure 5. We did
Wilcox test for V gene usage between the non-pregnant and the
pregnant samples, and more than half of V genes are not
significantly different. The result shows that there are 7 V
genes, which are TRBV7-9, TRBV20-1, TRBV7-8, TRBVY,
TRBV6-5, TRBV7-2 and TRBV30 existing preference in gene
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usage after removing the genes with very low usage. Using the
same method, 83 kinds of V-J pairing are significant (Figure is
not shown). It indicates that these kinds of V genes and V-J
pairing may have some function to help maternal immune
system deal with the foetus.

The frequency of highly expanded clones change over
time

To track the change of CDR3 during pregnancy, we plotted the
top 100 CDR3 from the 4t week 5™ week and 8™ week from
one individual. The trajectory was drawn for every CDR3
changes during these weeks. The result shows that the top 100
CDR3 are similar among the three time points. The Pearson
correlation coefficient between the 4% and the 5% is 0.979,
between the 4t and the 8t is 0.950, and between the 5% and
the 8t is 0.951. With time goes by, the similarity between the
4™ week and the 5™ week is more closed than that between 5
week and 8™ week. Some low-frequency CDR3s in 5™ week
are slightly expanded in 8™ week. However, top 100 CDR3
frequencies are very stable among the three time periods
(Figure 6).
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Figure 5. The V gene usage between pregnant group and non-
pregnant group. The x axis is V gene. The y axis is the V gene number
used by each group. All the V genes are drawn here. After filtering 7
kinds of 'V gene are significant.
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Figure 6. Top 100 CDR3 frequencies from the 4™ week to the 8" week
from an individual. Each colored bar is corresponding to one kind of
CDR3. The width of the bar is the ration of CDR3 in all the CDR3 at
the specific time point.

Discussion

In this study, we investigated the feature of TCR repertories in
pregnancy. We used an independent sample to demonstrate the
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reproducibility of our multiplex PCR method to enrich the
TCR repertoire. We did analysis on in/out-of-frame rate of
clones in non-pregnancy and pregnancy groups. The number of
CDR3 was calculated for each sample. The diversity is an
important factor to reflect whether the immune system is
activated or not. We used Shannon index of CDR3 and V-J
gene pairing usage to evaluate the diversity. We also selected
the high frequency CDR3 to track their dynamic frequency
changes. V and V-J gene pairing usage was used to cluster the
pregnancy group. We selected the top 100 CDR3 for tracking
their expended.

Our study indicated that TCR did change during pregnancy and
preferred to use some kind of V gene or V-J gene pairing. We
found that the number of CDR3 increased at the second
trimester and declined at the third trimester. It is possible that
the antigen of foetus activates the T cell repertoire in the
second trimester and is restrained later. The number and
Shannon index of CDR3 doesn’t show much difference
between the non-pregnancy and 4%, 5% and 8% week of
pregnancy. The V gene and V-J gene pairing usage reveal
significant difference between non-pregnant and pregnant
samples. We suspect that the V or V-J gene pairing usage may
be regulated by hormones, as the hormones changes from the
very beginning of the pregnancy and may help prevent
abortion [16,17]. Based on our findings in this research, we
suspects that some kind of hormone change V or/and V-J gene
pairing bias of T cell from very beginning of the first trimester
of pregnancy [18], the foetus actives the T cell, and the
maternal immune system gets tolerate of the foetus [10] during
pregnancy.

Although some significant findings are observed in our study
and small samples are trustable by analysing TCR repertoires
[19,20], larger samples are required for further validation.
Additionally, our study could be improved if the same pregnant
woman is monitored from the time prior to pregnancy to the
day giving birth to babies. Tracking the CDR3 change of an
individual during the whole pregnant process will eliminate the
heterogeneity among people. However, we believe our findings
here can provide a reference for other investigators.
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