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Abstract. At present, the most common genetic diagnostic 
method for chimerism evaluation following hematopoietic 
stem cell transplantation is microsatellite analysis by capil-
lary electrophoresis. The main objective was to establish, 
through repeated analysis over time, if a complete chimerism 
was present, or if the mixed chimerism was stable, increasing 
or decreasing over time. Considering the recent introduction 
of next generation sequencing (NGS) in clinical diagnostics, 
a detailed study evaluating an NGS protocol was conducted, 
coupled with a custom bioinformatics pipeline, for chimerism 
TXDQWLÀFDWLRQ��%DVHG�RQ�WKH�WHFKQRORJ\�RI�,RQ�$PSOL6HT��D 
44-amplicon custom chimerism panel was designed, and a 
custom bioinformatics pipeline dedicated to the genotyping and 
TXDQWLÀFDWLRQ�RI�1*6�GDWD was coded. The custom chimerism 
SDQHO�DOORZHG�LGHQWLÀFDWLRQ�RI�DQ�DYHUDJH�RI����LQIRUPDWLYH�
recipient alleles. The limit of detection of the protocol was 
À[HG�DW����GXH�WR�WKH�1*6�EDFNJURXQG������� The protocol 
followed the standard Ion AmpliSeq library preparation and 
Ion Torrent Personal Genome Machine guidelines. Overall, 
the present study added to the VFLHQWLÀF�OLWHUDWXUH� identifying 
novel technical details for a possible future application of NGS 
IRU�FKLPHULVP�TXDQWLÀFDWLRQ�

Introduction

Allogenic hematopoietic stem cell transplantation (HSCT) 
is the predominant treatment used to cure malignant and 
non-malignant hematological disorders. The number of HSCTs 
conducted has increased due to an overall improvement in 
the safety of the procedure resulting from reduced-intensity 
conditioning regimens, and the availability of new donor 
VRXUFHV��DYDLODEOH�LQ�WKH�QDWLRQDO�UHJLVWULHV�������

Reduced-intensity conditioning is widely used to avoid 
the complications of myeloablative conditioning to prepare 
for HSCT in the adult population. However, this procedure is 
DVVRFLDWHG�ZLWK�D�KLJK�ULVN�RI�FRPSOLFDWLRQV�WKDW�PD\�UHVXOW�LQ�
graft loss. To prevent this, it is important to monitor chimerism 
for early intervention (3). Evaluation of chimerism status at 
UHJXODU�LQWHUYDOV�LV�XVHIXO�WR�SUHYHQW�ULVN�RI�HDUO\�JUDIW�UHMHF-
tion and relapse in patients suffering from malignant diseases. 
4XDQWLÀFDWLRQ�RI�WKH�FKLPHULVP�SHUFHQWDJH�LV�DOVR�D�SRWHQWLDO�
PDUNHU�RI�PLQLPDO�UHVLGXDO�GLVHDVH��05'��IRU�SDWLHQWV�ZLWKRXW�
VXLWDEOH�05'�PDUNHUV�DQG�LW�SURYLGHV�XVHIXO�LQIRUPDWLRQ�RQ�
JUDIW�YV��KRVW�GLVHDVH�DQG�JUDIW�YV��WXPRU�HIIHFWV�����).

Chimerism analysis is a tool that allows to determination 
of the genotypic origin of post-transplantation hematopoi-
HVLV��6XEVHTXHQW�WR�+6&7��D�SDWLHQW�SUHVHQWLQJ�ZLWK��������
donor-origin cells during follow up is considered to have the 
status of complete chimerism (CC), patients in which the 
donor- and recipient-origin cells coexist have the status of 
PL[HG�FKLPHULVP��0&�������,QIRUPDWLYH�JHQHWLF�PDUNHUV�DUH�
used to discriminate between recipient and donor genomes in 
order to detect the chimerism status (8).

At present, different approaches based on polymerase chain 
UHDFWLRQ��3&5��DPSOLÀFDWLRQ�RI�SRO\PRUSKLF�'1$�VHTXHQFHV�
(short tandem repeat, STR; single nucleotide polymorphism, 
SNP; and insertion/deletion, INDEL) are used for chimerism 
analysis. In the vast majority of laboratories, semi-quantitative 
ÁXRUHVFHQW�3&5�RI�675V�LV�WKH�SURFHGXUH�RI�FKRLFH�IRU�GLDJ-
QRVWLF�SXUSRVHV��7KH�NH\�DGYDQWDJH�RIIHUHG�E\�WKLV�PHWKRG�
LV�WKH�KLJKO\�SRO\PRUSKLF�QDWXUH�RI�WKH�675�PDUNHUV��ZKLFK�
allow for a high probability of two-genome discrimination. 
Laboratories currently use different commercial multiplex 
NLWV�IRU�IRUHQVLF�LGHQWLÀFDWLRQV�RU�LQ�KRXVH�DVVD\V, however 
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KDYH�IRUPHG�FRQVRUWLXPV�WR�VWDQGDUGL]H�SURFHGXUHV�DQG�VHW�
guidelines for the correct interpretation of results, in order to 
improve this intrinsically semi-quantitative platform with a 
VHQVLWLYLW\�RI��������������

Next generation sequencing (NGS) technologies are an 
innovation in human and animal genomics research, as they 
DUH�FDSDEOH�RI�SURGXFLQJ�����IROG�PRUH�GDWD�WKDQ�WKH�PRVW�
powerful Sanger based capillary sequencers; thus enabling 
researchers to investigate the large number of queries that 
UHPDLQ�WR�DGGUHVVHG������

NGS generates hundreds of giga-bases of nucleotide 
sequences per instrument run and produces this data at a 
lower cost, thus motivating researchers to use NGS for various 
purposes: To identify rare variations on the whole genome 
RU�RQ�D�WDUJHW�VHTXHQFH��WR�DQDO\]H�WUDQVFULSWRPH�SURÀOLQJ�
of cells, tissues and organisms and to identify epigenetic 
PDUNHUV�IRU�GLVHDVH�GLDJQRVLV��3URJUHVV�LQ�WKH�RSWLPL]DWLRQ�RI�
procedures, in addition to further reduction of costs, are the 
NH\�IDFWRUV�WKDW�ZLOO�OHDG�WR�D�PRUH�H[WHQVLYH�XSWDNH�RI�WKLV�
technique in diagnosis and for practical clinical applications.

NGS provides qualitative and quantitative data. Quantita-
tive data depends on the depth of sequence data collected on 
each sample and on the quality of the target to expose. For 
samples with a lower abundance target, many more sequence 
UHDGV�DUH�UHTXLUHG�WR�DFKLHYH�DFFXUDWH�TXDQWLÀFDWLRQ�������$�
previous study demonstrated that NGS exhibits sensitivity 
comparable to that of quantitative PCR (qPCR) in the evalua-
WLRQ�RI�05'�LQ�%�FHOO�GLVRUGHUV������

In the present study, an Ion AmpliSeq custom chimerism 
(ACCh) panel and a custom bioinformatic pipeline was created 
IRU�FKLPHULVP�TXDQWLÀFDWLRQ�E\�1*6��7KH�ÀUVW�DLP�ZDV�WR�
detect the existence of cells of two origins in chimera samples 
and then to evaluate the capability of NGS to determine the 
percentage of the recipient cells.

Materials and methods

DNA sample preparation. The Ethics Committee of the Insti-
WXWH�IRU�0DWHUQDO�DQG�&KLOG�+HDOWK��,5&&6�¶%XUOR�*DURIROR·�
DSSURYHG�WKH�SUHVHQW�VWXG\��DSSURYDO�QXPEHU��3URW����/������
Cl. M/�����:ULWWHQ�LQIRUPHG�FRQVHQW�ZDV�REWDLQHG�IURP�DOO�WKH�
participants.

7RWDO�SHULSKHUDO�EORRG�ZDV�FROOHFWHG�IURP����YROXQWHHU�
GRQRUV��9���9������PDOHV�DQG���IHPDOHV��ZLWK�DJHV�UDQJLQJ�
IURP��������\HDUV��DQG�IURP���SHGLDWULF�SDWLHQWV�WKDW�XQGHU-
ZHQW�DOORJHQHLF�+6&7��S5���PDOH����\HDUV��DQG�S5���PDOH��
���\HDUV�� DQG� WKHLU� GRQRUV� �S'���PDOH�� �� \HDUV�� DQG�S'���
IHPDOH�� ���\HDUV��7DEOH� ,���:ULWWHQ� LQIRUPHG�FRQVHQW�ZDV�
obtained from all the participants.

All DNA samples were isolated using the QIAamp DNA 
%ORRG� NLW� DFFRUGLQJ� WR� PDQXIDFWXUHU
V� SURWRFRO� �4LDJHQ�
GmbH, Hilden, Germany). The DNA status was evaluated 
XVLQJ�WKH�1DQR'URS������VSHFWURSKRWRPHWHU��7KHUPR�)LVKHU�
6FLHQWLÀF��,QF���:DOWKDP��0$��86$��DQG�WKH�4XELW�GV'1$�+6�
$VVD\�NLW�DQG�WKH�4XELW�ÁXRURPHWHU��7KHUPR�)LVKHU�6FLHQWLÀF��
,QF����$�'1$�VWRFN�VROXWLRQ�ZDV�SUHSDUHG�IRU�DOO�'1$�VDPSOHV�
DW������QJ/µl.

'1$�VDPSOHV�IURP�WKH����YROXQWHHU�GRQRUV�ZHUH�UDQGRPO\�
SDLUHG��$�WRWDO�RI���DUWLÀFLDO�FKLPHULF�'1$�PL[WXUHV��DV�WKH�
donor/recipient chimera, were created by diluting DNA with 

LWV�SDLUHG�'1$�DW�VHYHUDO�SHUFHQWDJHV�RI�WKH�ÀUVW�'1$�IRU�HDFK�
DUWLÀFLDO�'1$�PL[WXUH��D&K��

Ion AmpliSeq custom chimerism panel design. A multi phase 
strategy was employed to evaluate the main characteristics 
RI�WKH�$&&K�SDQHO��L��7KH�SDQHO�DYHUDJH�KHWHUR]\JRVLW\�ZDV�
DVVHVVHG�DURXQG�����IRU�WKH�(XURSHDQ�SRSXODWLRQ��HapMap 
Phase 3 CEU population); ii) two SNPs per somatic chro-
PRVRPH��WHUPHG�¶PDLQ�613V·��P613V���ZHUH�VHOHFWHG�DQG�
located in two different regions of the same chromosome; 
iii) the amplicon composition was evaluated according 
to the following requirements: a) GC percentage ranging 
EHWZHHQ������DQG��������E��SUHVHQFH�RI�RQH�P613�LQVLGH�
each amplicon; c) mSNP location preferably in the centre 
of the amplicon; d) absence of INDEL SNPs; e) absence of 
homopolymers and potential homopolymer generation from 
613�YDULDQWV�DQG�WKHLU�ÁDQNLQJ�UHJLRQV��I��DEVHQFH�RI�ÁDQNLQJ�
SNPs to the mSNPs.

In total, 44 single-nucleotide, biallelic, polymorphisms were 
VHOHFWHG�IURP�WKH�1&%,�GE613V�GDWDEDVH��KWWS�//www.ncbi.
nlm.nih.gov/SNP/��EXLOG������ODVW�GDWDEDVH�XSGDWH�������������
Table II). A total of 4 base sequences including mSNPs were 
used as target regions for primer design. The primer pool, 
intended for DNA library construction through multiplex PCR, 
ZDV�GHÀQHG�E\�,RQ�$PSOL6HT�'HVLJQHU�VRIWZDUH��YHUVLRQ�������
�7KHUPR�)LVKHU�6FLHQWLÀF��,QF����$�VLQJOH�WXEH�����SULPHU�SDLU�
pool was purchased from Life Technologies (Thermo Fisher 
6FLHQWLÀF��,QF���

Ion torrent library preparation and sequencing. DNA sample 
library preparation was performed according to the AmpliSeq 
Library Preparation protocol (Life Technologies; Thermo 
)LVKHU�6FLHQWLÀF��,QF����)RU�HDFK�'1$�VDPSOH��D�OLEUDU\�ZDV�
FRQVWUXFWHG�XVLQJ������QJ�JHQRPLF�'1$� WKURXJK� WKH� ,RQ�
$PSOL6HT�/LEUDU\�NLW��YHUVLRQ������6XEVHTXHQWO\, according 
to the library preparation protocol, each DNA library was 
LQGH[HG�XVLQJ�WKH�,RQ�;SUHVV�%DUFRGH�$GDSWHUV�NLW��7KHUPR�
)LVKHU�6FLHQWLÀF��,QF���DQG�ZDV�SXULÀHG�XVLQJ�$03XUH�;3�
PDJQHWLF�EHDGV� �%HFNPDQ�&RXOWHU�� ,QF���%UHD��&$��86$���
(DFK�'1$�OLEUDU\�ZDV�WKHQ�TXDQWLÀHG�E\�T3&5�XVLQJ�WKH�
WKHUPR�F\FOHU� ����+7�)DVW�5HDO�7LPH�3&5� V\VWHP�ZLWK�
the ,RQ�/LEUDU\�7401�4XDQWLILFDWLRQ�NLW� �7KHUPR�)LVKHU�
6FLHQWLÀF��,QF����Template Ion Sphere Particles were arranged 
using the Ion Personal Genome Machine (PGM) Template 
27������NLW��7KHUPR�)LVKHU�6FLHQWLÀF��,QF���DQG�D�VLQJOH�HQG�
����EDVH�UHDG�VHTXHQFLQJ�UXQ�ZDV�FRQGXFWHG�XVLQJ�WKH�,RQ�
Torrent PGM system. Libraries were pooled at 8 pM using the 
following rates: Donor/UHFLSLHQW�����; and chimera/chimera, 
�����7KH�UHFLSLHQW/FKLPHUD�UDWH�ZDV�À[HG�DW������LQ�RUGHU�WR�
obtain an average coverage of the above libraries around 
���;�������;��/LEUDU\� SRROV�ZHUH� VHTXHQFHG�RQ� LRQ� ����
DQG�����FKLS��7DEOH�,,,��

+RWVSRW�SDQHO�EHG�ÀOH. $�KRWVSRW�SDQHO�EHG�ÀOH�ZDV�FUHDWHG�
XVLQJ�WKH�8&6&�*HQRPH�%URZVHU��https://genome.ucsc.edu). 
All SNPs located in the central region of each amplicon were 
LQFOXGHG��1&%,�GE613V�EXLOG������¶&RPPRQ�613V·� ������
All the INDELs present across the amplicons, and the SNPs 
near the 5' and 3' ends of the amplicons were excluded from the 
ÀOH��$OO�WKH�DERYH����VHOHFWHG�613V�ZHUH�PDUNHG�DV�¶P613·�
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and the SNPs belonging to the same amplicon were indexed 
with the same chromosome/amplicon ID number. Finally, a 
KRWVSRW�SDQHO�EHG�ÀOH�ZDV�FUHDWHG��¶+3���613V·�

Genotyping and quantification. Genotyping of all DNA 
ZDV�SHUIRUPHG�DXWRPDWLFDOO\�� WRJHWKHU�ZLWK�WKH�TXDQWLÀFD-
tion of all the chimeras, using a custom bioinformatics tool. 
7KH�FRGH�RI�RXU� WRRO�ZDV�ZULWWHQ�XVLQJ�WKH�6KLQ\�SDFNDJH�
LQ�5��D�ZHE�IUDPHZRUN�WR�EXLOG�LQWHUDFWLYH�ZHE�DSSOLFDWLRQV�
(KWWSV���FUDQ�U�SURMHFW�RUJ�ZHE�SDFNDJHV�VKLQ\�LQGH[�KWPO). A 
functional diagram of the code is presented in )LJ��� and the 
full code is available on request. The code is based on depen-
GHQFLHV�RI�WKH�%LRFRQGXFWRU�SDFNDJH�WKDW�PXVW�EH�SUH�LQVWDOOHG�
for proper tool functionality.

The custom tool requires as input the sequencing bam 
ÀOHV�RI�¶'RQRU·��¶�5HFLSLHQW·�DQG�¶&KLPHULF·�SDWLHQW��%ULHÁ\��
it uses readGAlignments and pileLettersAt functions, from 
WKH�*HQRPLF$OLJQPHQWV�SDFNDJH�������WR�UHDG�EDP�ÀOHV�DQG�
extracts the letters/nucleotides into a set of individual genomic 
SRVLWLRQV�GHÀQHG�IURP�WKH�EHG�ÀOH��7KUHVKROGV�IRU�¶'RQRU·�DQG�
¶5HFLSLHQW·��KRPR]\JRXV�DQG�KHWHUR]\JRXV�JHQRW\SLQJ�FDOOV��
DUH�VHWWOHG�LQ�EDVH�FRXQWV�IUHTXHQF\�UDQJHV�RI�������������
DQG�������������UHVSHFWLYHO\��*HQRW\SLQJ�FDOOV�QRW�LQFOXGHG�
in the thresholds ranges were excluded as unreliable; users can 
modify the thresholds according to their needs from the user 
LQWHUIDFH��*HQRW\SHV�IURP�HDFK�OLEUDU\�ZHUH�FURVVFKHFNHG�
to select only SNPs comparable in all conditions. Selected 
SNPs from donors and recipients were labelled as informa-
tive recipient alleles (IRA) according to the following schema: 
'RQRU�KRPR]\JRXV�DQG�UHFLSLHQW�KHWHUR]\JRXV�>'RQRU��$$��
and Recipient (Aa); Donor (aa) and Recipient (Aa)]; donor and 
UHFLSLHQW�KRPR]\JRXV�IRU�GLIIHUHQW�DOOHOHV�>'RQRU��$$��DQG�
Recipient (aa); Donor (aa) and Recipient (AA)].

Only the IRA SNPs tagged as informative were used to 
calculate the chimera's donor:recipient ratio as median of the 
allele frequency ratio, while standard error was used to calcu-
ODWH�FRQÀGHQFH�LQWHUYDOV�RI�SUHGLFWLRQ�DW�������

To cross validate the tool, genotyping of all donor and recip-
ient samples was also performed manually obtaining the variant 
data from the Ion Torrent plugin Variant Caller, version 4.4 using 
WKH�¶*HQHULF�3*0�*HUP�/LQH�/RZ�6WULQJHQF\·�FRQÀJXUDWLRQ�
FRXSOHG�E\�WKH�+3���613V�KRWVSRW�EHG�ÀOH�

Microsatellite analysis and patient data validation. Multi-
SOH[�3&5�DPSOLÀFDWLRQ�RI�9���9���DQG�D&K���� samples, in 
DGGLWLRQ� WR� WKH�SDWLHQW�VDPSOHV�S'���S5��DQG�S&K���, was 
performed according to the manufacturer's instructions of the 

Table I. List of the patient DNA samples used in the present study.

 DNA ID Chimera ID Chimera information Notes

S'�� S5�� 6DPSOHV�XVHG�WR�HYDOXDWH�SDQHO�LQIRUPDWLYLW\�LQ�FRQVDQJXLQLW\� %URWKHUV��SUH�+6&7
S'�� S5�� S&K�� MC by STR-CE analysisa ���PRQWK�SRVW�+6&7
S'�� S5�� S&K�� &&�E\�675�&(�DQDO\VLV� ���PRQWKV�SRVW�+6&7
S'�� S5�� S&K3 MC by STR-CE analysis +3 months post-HSCT
S'�� S5�� S&K4 MC by STR-CE analysis +4 months post-HSCT
S'�� S5�� S&K5 0&�E\�675�&(�DQDO\VLV� ���PRQWKV�SRVW�+6&7
S'�� S5�� S&K�� &&�E\�675�&(�DQDO\VLV� ����PRQWKV�SRVW�+6&7

aChimerism evaluation of all patient samples (pCh���) was performed by STR-CE analysis in an external laboratory (Department of Molecular 
Medicine, University of Padova, Padova, Italy). HSCT, hematopoietic stem cell transplantation; MC, mixed chimerism; CC, complete chime-
rism; STR-CE, short tandem repeat capillary electrophoresis.
 

)LJXUH����&RGH�IXQFWLRQDO�GLDJUDP��$OO�RXWSXW�QH[W�JHQHUDWLRQ�VHTXHQFLQJ�
ÀOHV�DQG�UHIHUHQFH�ÀOHV�ZHUH�XSORDGHG�WR�WKH�FXVWRP�SLSHOLQH��$�TXDOLW\�FRQ-
WURO�ÀOWHULQJ�VWHS�SHU�WDUJHW�EDVH�ZDV�SHUIRUPHG�DQG�WKH�JHQRW\SHV�IRU�GRQRU�
DQG�UHFLSLHQW�VDPSOHV�ZHUH�GHÀQHG��)LQDOO\��VXEVHTXHQW�WR�LGHQWLÀFDWLRQ�RI�
the informative recipient allele, statistical analysis was conducted to deter-
mined the chimerism percentage. A, adenosine; C, cytosine; T, thymine; G, 
guanine; SNP, single nucleotide polymorphism; IRA, informative recipient 
allele.
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Table II. List of all main SNPs included in the Ion AmpliSeq custom chimerism panel.

   European Informativity of
613�,'� *HQRPH�SRVLWLRQ� $OOHOHV� KHWHUR]\JRVLW\� UHFLSLHQW�DOOHOHa �

UV��������� FKU��J����������� $/*� ������ ��
UV�������� FKU��J����������� &/7� ������ ��
UV��������� FKU��J����������� &/*� ������ ��
UV��������� FKU��J����������� $/*� ������ ��
UV�������� FKU��J����������� */7� ������ ��
UV�������� FKU��J���������� $/7� ������ ��
UV��������� FKU��J����������� &/7� ������ ��
UV����� FKU��J����������� &/*� ������ ��
UV������� FKU��J���������� $/&� ������ ��
UV��������� FKU��J���������� &/7� ������ ��
UV������� FKU��J���������� $/*� ������ ��
UV�������� FKU��J���������� &/7� ������ ��
UV������ FKU��J����������� $/*� ������ ��
UV�������� FKU��J����������� */7� ������ ��
UV��������� FKU��J����������� &/7� ������ ��
UV������� FKU��J���������� &/7� ������ ��
UV�������� FKU��J���������� $/*� ������ ��
UV������� FKU��J���������� &/*� ������ ��
UV�������� FKU���J���������� &/7� ������ ��
UV������� FKU���J����������� */7� ������ ��
UV������� FKU���J���������� &/7� ������ ��
UV������� FKU���J���������� $/*� ������ ��
UV�������� FKU���J����������� $/*� ������ ��
UV����� FKU���J���������� $/*� ������ ��
UV�������� FKU���J���������� $/*� ������ ��
UV������� FKU���J���������� $/7� ������ ��
UV��������� FKU���J����������� &/7� ������ ��
UV�������� FKU���J���������� &/7� ������ ��
UV������� FKU���J���������� $/*� ������ ��
UV�������� FKU���J���������� &/7� ������ ��
UV������� FKU���J���������� &/7� ������ ��
UV�������� FKU���J��������� 7/&� ������ ��
UV����� FKU���J���������� &/*� ������ ��
UV������� FKU���J���������� 7/&� ������ ��
UV������� FKU���J���������� $/7� ������ ��
UV������� FKU���J���������� $/&� ������ ��
UV������� FKU���J���������� $/*� ������ ��
UV������� FKU���J���������� &/7� ������ ��
UV������� FKU���J���������� 7/&� ������ ��
UV������� FKU���J���������� */$� ������ ��
UV������� FKU���J���������� $/*� ������ ��
UV�������� FKU���J���������� &/7� ������ ��
UV����� FKU���J���������� $/*� ������ ��
UV������� FKU���J���������� &/7� ������ ��

aIn order to calculate the probability (informativity) to identify an informative recipient allele in a casual donor/recipient pair, the single values 
RI�SUREDELOLW\�RI�HDFK�JHQRW\SH�FRPELQDWLRQ�WKDW�FDUU\�DQ�LQIRUPDWLYH�UHFLSLHQW�DOOHOH�ZHUH�DGGHG�DV�IROORZV��'RQRU�KRPR]\JRXV�DQG�UHFLSL-
HQW�KHWHUR]\JRXV�>'RQRU��$$��DQG�5HFLSLHQW��$D���'RQRU��DD��DQG�5HFLSLHQW��$D�@��GRQRU�DQG�UHFLSLHQW�KRPR]\JRXV�EXW�IRU�GLIIHUHQW�DOOHOHV�
>'RQRU��$$��DQG�5HFLSLHQW��DD���'RQRU��DD��DQG�5HFLSLHQW��$$�@��613��VLQJOH�QXFOHRWLGH�SRO\PRUSKLVP��$��DGHQLQH��*��JXDQLQH��&��F\WRVLQH��
T, thymine.
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$PS)O675�,GHQWLÀOHU�3OXV�3&5�$PSOLÀFDWLRQ�NLW��7KHUPR�
)LVKHU�6FLHQWLÀF��,QF����$PSOLFRQV�ZHUH�UHVROYHG�RQ�D�*HQHWLF�
$QDO\]HU������DQG�DQDO\]HG�ZLWK�*HQH0DSSHU� VRIWZDUH��
YHUVLRQ���� (Life Technologies; Thermo Fisher Scientific, 
Inc.).

Patient samples (pCh�����ZHUH�DOVR�DQDO\]HG�E\�T3&5��GDWD�
QRW�VKRZQ���DV�SUHYLRXVO\�LQYHVWLJDWHG�E\�%DL�et al�������7KLV�
analysis was performed as an additional validation method of 
NGS data, where a discrepancy between NGS and STR data 
was present.

Results

Ion chips and ACCh panel performance. A total of 7 library 
pools were loaded and sequenced RQ�LRQ�FKLS������(DFK�SRRO�
was comprised of one donor, one recipient and one chimera. 
,Q�DGGLWLRQ��WKUHH�DGGLWLRQDO�SRROV�ZHUH�UXQ�RQ�LRQ�����FKLS�
�7DEOH�,,,���7KH�PHDQ�YDOXHV�RI�SHUIRUPDQFH�RI�WKH����UXQV�DQG�
RI�DOO�VDPSOHV�DUH�VXPPDUL]HG�LQ�7DEOH�,9�

NGS genotyping performances using the ACCh panel. A total 
RI����'1$�VDPSOHV�ZHUH�JHQRW\SHG�RQ�,RQ�7RUUHQW�3*0�XVLQJ�
WKH�$&&K�SDQHO�ZLWK�WKH�+3���613V�EHG�ÀOH��5HJDUGLQJ�WKH�
mSNPs, the Variant Caller output identified that ��P613V�
�UV�������DQG�UV����������ZHUH�DVVLJQHG�DV�¶1R�&DOO·�LQ�RYHU�
������RI�WKH�JHQRW\SLQJ�UXQV�GXH�WR�ORZ�TXDOLW\��7KH�UHPDLQLQJ�
���P613V�ZHUH� VXFFHVVIXOO\� JHQRW\SHG�� &RQFHUQLQJ� WKH�
UHPDLQLQJ�����613V�����613V�ZHUH�DVVLJQHG�DV�¶1R�&DOO·��ZLWK�
DQ�DYHUDJH�RI����613V�SHU�SDWLHQW��7KH�FDOO�RI�WKHVH�613V�IDLOHG�
LQ�WZR�9DULDQW�&DOOHU�ÀOWHULQJ�VWHSV��¶0D[LPXP�FRPPRQ�VLJQDO�
VKLIW·�DQG�¶PLQLPXP�FRYHUDJH�RQ�HLWKHU�VWUDQG·�

Genotyping of all samples was additionally performed 
XVLQJ�RXU�WRRO�ZLWK�WKH�+3���613V�EHG�ÀOH��7DEOH�9���7R�
identify the IRAs, the data of the donor was compared with 
the recipient using the tool and manually cross-validated with 
the Variant Caller genotypes. Inside the genotyping calls of 

����613V��D�VPDOO�ELDV�ZDV�SUHVHQW�EHWZHHQ�WKHVH���WRROV��WKLV�
LV�GXH�WR�WKH�KLJK�FRQVHUYHG�ÀOWHUV�RI�YDULDQW�FDOOHU��GHGLFDWHG�
predominantly for standard sequencing applications, and due 
WR�WKH�DEVHQFH�RI�WKHVH�ÀOWHUV�LQ�RXU�FXVWRP�WRRO�

NGS linearity, detection limit and accuracy with the ACCh 
panel. In order to test the linearity of Ion Torrent PGM with 
WKH�$&&K�SDQHO� LQ�D�À[HG�GHWHFWLRQ�UDQJH�������������, a 
series of DNA mixtures was developed, diluting a DNA with 
its paired DNA at several percentages of the original. In order 
WR�LQFUHDVH�WKH�JHQHWLF�PDUNHU�YDULDELOLW\�LQ�DGGLWLRQ�WR�WKH�
ELRORJLFDO�YDULDELOLW\��D�WRWDO�RI����DUWLÀFLDO�FKLPHUDV��D&K����) 
were prepared from 5 different DNA pairs. Finally a pure 
'1$��9����ZDV�UXQ�DV��������'1$��D&K��). Subsequent to 
Ion Torrent sequencing, using the custom tool, quantitative 
GDWD�IRU�DOO�,5$V�RI�HDFK�DUWLÀFLDO�FKLPHUD�ZHUH�REWDLQHG�

In addition, to increase the putative points in the dynamic 
range, the informative alleles of both DNA in the chimeras 

Table III. List of the library pools sequenced by next generation sequencing.

DNA ID Chimera ID Chimera notes Ion chip

9����9��� D&K�� &KLPHUD�������RI�9����������RI�9��� ���
9����9��� D&K�� &KLPHUD��������RI�9�����������RI�9��� ���
9����9��� D&K3 &KLPHUD�������RI�9����������RI�9��� ���
9����9��� D&K4 &KLPHUD�������RI�9����������RI�9��� ���
9����9��� D&K5 &KLPHUD��������RI�9����������RI�9��� ���
9����9��� D&K�������������� &KLPHUDV���������������������������������� ���
� � ������RI�9���������������������������������
� � �����������RI�9���
9����9��� D&K������ &KLPHUDV��������RI�9���DQG������RI�9����� ���
� � ������RI�9���DQG������RI�9���
S'���S5�� S&K������������ &KLPHUDV��0&��&&��0&��0&��0&��&&�RI�S5�a ���
S'���S5�� S&K�� 7HFKQLFDO�UHSOLFDWLRQ� ���
S'���S5�� S&K�� 7HFKQLFDO�UHSOLFDWLRQ� ���

a$OO�SDWLHQW�VDPSOHV�ZHUH�SUHYLRXVO\�DQDO\]HG�E\�VKRUW�WDQGHP�UHSHDW�FDSLOODU\�HOHFWURSKRUHVLV�LQ�DQ�H[WHUQDO�ODERUDWRU\��'HSDUWPHQW�RI�0R-
lecular Medicine, University of Padova, Padova, Italy). 
 

)LJXUH� ��� /LQHDULW\� RI� ,RQ� $PSOL6HT� FXVWRP� FKLPHULVP� SDQHO�� 1*6�
DJDLQVW�UHIHUHQFHV�YDOXHV��$�VHULHV�RI�DUWLÀFLDO�FKLPHUDV��UDQJLQJ�EHWZHHQ�
������������ZHUH�TXDQWLÀHG�E\�1*6�DQG�SORWWHG�DJDLQVW� WKHLU� UHIHUHQFH�
values. NGS, next generation sequencing.
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aCh����������RI�9���DQG�������RI�9����DQG�D&K����������RI�
9���DQG�������RI�9����ZHUH�FDOFXODWHG�DQG�TXDQWLÀHG.

Least-squares analysis of the above putative points identi-
ÀHG�D�FOHDU�OLQHDULW\��5� �������< �����;��������EHWZHHQ�
1*6�DQG�WKH�UHIHUHQFH�YDOXHV��)LJ�����

$QDO\]LQJ�WKH�DUWLÀFLDO�FKLPHUDV�D&K���� by capillary elec-
WURSKRUHVLV�XVLQJ�WKH�675V�PDUNHUV��FKLPHULVP�UDQJLQJ�IURP�
�����������ZDV�GHWHFWHG��/HDVW�VTXDUHV�DQDO\VLV�LGHQWLÀHG�D�
clear linearity (R� �������< �����;��������EHWZHHQ�1*6�DQG�
STRs values (Fig. 3).

,Q�DGGLWLRQ��WKH�EDFNJURXQG�RI�,RQ�7RUUHQW�JHQHUDWHG�E\�
the ACCh panel was estimated. In this case, the custom tool 
ZDV�XVHG��FRQVLGHULQJ�WKH�¶GRQRU·�VDPSOHV�DV�FKLPHUD��7KH�

DYHUDJH� EDFNJURXQG� YDOXH� DW� HDFK� 613�ZDV� HVWLPDWHG� DW�
������UDQJH������������DQG�ZLWK�D�������FRQÀGHQFH�LQWHUYDO�
EHWZHHQ�����DQG�������&RQVLGHULQJ�WKH�EDFNJURXQG�YDOXHV�DQG�
the reported literature on the error rates at each base of NGS 
WHFKQRORJLHV��UDQJH�IURP������������������WKH�GHWHFWLRQ�OLPLW�
RI�WKH�1*6�SURWRFRO�ZLWK�WKH�$&&K�SDQHO�ZDV�VHW�DW�������
DOWKRXJK�DQ�DUWLÀFLDO�FKLPHUD�ZDV�GHWHFWHG�DW������

Finally, considering that the method determined each 
chimera, calculating the average value of all IRA, the average 
VWDQGDUG� HUURU� ZDV� XVHG� DV� DQ� LQGLUHFW� PDUNHU� RI� DFFX-
UDF\��XVLQJ�WKH�GDWD�RI�DOO�DUWLÀFLDO�FKLPHUDV�UDQJLQJ�IURP�
�����������H[FOXGLQJ�����DQG����������)RU�WKH�G\QDPLF�UDQJH�
RI�����������RI�FKLPHUDV�� WKH�DYHUDJH� VWDQGDUG�HUURU�ZDV�

Table V. List RI�WKH�QXPEHU�RI�,5$V�LGHQWLÀHG�LQ�HDFK�'1$�SDLU�XVLQJ�WKH�FXVWRP�SLSHOLQH�

 Custom pipeline IRA genotypes
 ------------------------------------------------------- -------------------------------------------------------------------- 
DNA pair   Total IRAs
¶'RQRU·/¶5HFLSLHQW·� ���P613V� ����613V� +HWHUR]\JRXV� +RPR]\JRXV� ���a

9��/9��� ��� �� ��� �� �������
9��/9��� ��� �� ��� �� �������
9��/9��� ��� �� ��� �� �������
9��/9��� ��� �� ��� �� �������
9��/9��� �� �� �� �� �������
9��/9��� ��� �� ��� �� �������
9��/9��� �� �� �� �� ������
9��/9��� ��� �� ��� �� �������
9��/9��� ��� �� ��� �� �������
9��/9��� ��� �� ��� �� �������
S'�/S5�� �� �� �� �� �������
S'�/S5�� ��� �� ��� �� �������

a7KH�SHUFHQWDJH�RI�HDFK�,5$�ZDV�FDOFXODWHG�RQ�������DPSOLFRQV��GXH�WR�WKH�ORZ�TXDOLW\�RI�WKH�UHPDLQLQJ�WZR��FRQVLGHULQJ�WKDW�HDFK�DPSOLFRQ�
could contain at least one potential IRA. IRA, informative recipient allele; mSNP, main single nucleotide polymorphism.
 

Table IV. In-house Ion Torrent Personal Genome Machine analysis observed average performances using the Ion AmpliSeq cus-
WRP�FKLPHULVP�SDQHO�RQ�LRQ�����DQG�����chips.

$��,Q�KRXVH�REVHUYHG�SHUIRUPDQFH� ,RQ�����FKLS� ,RQ�����FKLS

,RQ�VSKHUH�SDUWLFOHV�ORDGLQJ� ������ �����
7RWDO�EDVHV��0E�� ������ �����
7RWDO�UHDGV� �������� ���������
5HDGV�RQ�WDUJHW� ������ �����
3DQHO�XQLIRUPLW\� ������ �����

%��&RYHUDJH�SHUIRUPDQFH� ,RQ�����FKLS� ,RQ�����FKLS

&KLPHUD�VDPSOHV���DPSOLFRQV�RYHU������;� ��/44 43/44
� UDQJH������;�������;�� �UDQJH������;�������;�
'RQRU�	�UHFLSLHQW�VDPSOHV���DPSOLFRQV�RYHU���;� ��/44 44/44
� �UDQJH����;����;�� �UDQJH���;�����;�
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FDOFXODWHG�DW������ZLWK�D�GHYLDWLRQ�DW�������)RU�KLJKHU�YDOXHV�
RI�FKLPHUDV��XS�WR��������WKH�VWDQGDUG�HUURU�LQFUHDVHG�XS�WR�
�����ZLWK�D�PD[LPXP�GHYLDWLRQ�DW������

Patient chimerism evaluation on the NGS platform. Consid-
ering the linearity between NGS and reference values and 
between NGS and STR values using the standard NGS 
ZRUNÁRZ�DQG�WKH�FXVWRP�WRRO��RXU�ZRUNÁRZ�ZDV�WHVWHG�LQ�
��VDPSOHV�RI�WKH�VDPH�SDWLHQW��S&K���) in which the chimerism 
TXDQWLÀFDWLRQ�UHSRUW��SUHYLRXVO\�SHUIRUPHG�E\�PLFURVDWHOOLWH�
analysis at different times in an external laboratory (Depart-
ment of Molecular Medicine, University of Padova, Padova, 
Italy), presented at least one CC between two MCs (Table I).

NGS analysis detected a mixed chimerism in all samples 
(pCh�, pCh�, pCh3, pCh4, pCh5 and pCh�) while the microsat-
ellite analysis only in 4 of them (pCh�, pCh3, pCh4 and pCh5). 
For these 4 MC samples, the percentage of predicted chime-
ULVP�ZDV�HTXDO�EHWZHHQ�WKH���PHWKRGV�RI�DQDO\VLV��)LJ������,Q�
regard to the pCh� and pCh� samples, NGS analysis evaluated 
D�PL[HG�FKLPHULVP�DW�����DQG�������UHVSHFWLYHO\��)LJ�����

7R�FRQÀUP�WKH�REWDLQHG�1*6�GDWD�IRU�WKH�S&K� and pCh� 
samples, the NGS analysis was repeated, and qPCR was addi-
tionally perfomed in all patient samples. The results of qPCR 
analysis were in agreement with that of the NGS and microsat-
ellite data for the pCh�, pCh3, pCh4 and pCh5��DQG�FRQÀUPHG�
the NGS data for the pCh� and pCh� samples.

Discussion

NGS WHFKQRORJLHV�KDYH�UHYROXWLRQL]HG�WKH�ÀHOG�RI�JHQRPLFV��
DQG�LWV�DSSOLFDWLRQ�KDV�EHHQ�H[WHQGHG�WR�GLIIHUHQW�ÀHOGV�VXFK�
DV�FOLQLFDO�GLDJQRVWLFV�DQG�IRUHQVLF�VFLHQFH����������$V�D�UHVXOW�
of the continuous development of NGS, several applications 
previously performed on Sanger sequencing with capillary 
electrophoresis have been transferred onto the NGS plat-
form, enabling fast and cost-effective generation sequence 
data with high resolution and accuracy. For this reason, 
different panels are being developed for the sequencing of 
genetic mutations involved in human diseases (e.g. MiSeqDx 
Cystic Fibrosis Clinical Sequencing Assay; Illumina, Inc., 

6DQ�'LHJR��&$��86$��RU�LQ�FDQFHU��,RQ�$PSOL6HT�%5&$��
DQG�%5&$��3DQHO��/LIH�7HFKQRORJLHV��7KHUPR�)LVKHU�6FLHQ-
WLÀF��,QF���

,Q�WKH�ÀHOG�RI�FKLPHULVP�TXDQWLÀFDWLRQ�E\�1*6�SODWIRUPV��
'HEHOMDN�et al �����UHSRUWHG�DQ�LQQRYDWLYH�DQG�ZHOO�SHUIRUPHG�
study, using haplotype counting. In addition, Kim et al������
briefly reported a relative quantification analysis of SNP 
PDUNHUV� E\�1*6� LQ� RQH� KXPDQ� ERQH�PDUURZ� FKLPHULVP�
sample. However, the study by Kim et al �����ZDV�FRQGXFWHG�
LQ�D������FKLPHULVP�VDPSOH�ZLWKRXW�DQ\�GHWDLO�FRQFHUQLQJ�WKH�
limit of detection, the technical error or additional important 
technical information and validation data of NGS application 
LQ�FKLPHULVP�TXDQWLÀFDWLRQ�

,Q�WKH�SUHVHQW�VWXG\��D�IXOO�ZRUNÁRZ�ZDV�GHVLJQHG��DQG�
the proposed protocols and a bioinformatics tool were tested 
IRU�FKLPHULVP�TXDQWLÀFDWLRQ�E\�1*6��$����DPSOLFRQ�FXVWRP�
chimerism panel based on Ion AmpliSeq technology was 
designed, and in addition a bioinformatics tool dedicated to 
WKH�JHQRW\SLQJ�DQG�TXDQWLÀFDWLRQ�RI�1*6�GDWD�ZDV�FRGHG��
These resources were created in order to provide a novel tool 
for the evaluation of the chimerism following allogenic HSCT, 
thus potentially increasing the number of clinical analyses 
supported on NGS platforms.

The ACCh proposed panel is composed of 44 amplicons, 
FRQWDLQLQJ����VHOHFWHG�P613V��RI�ZKLFK���P613V�DUH�ORFDWHG�
in different regions of each somatic chromosome. It is suggested 
that the different mSNP locations in all somatic chromosome 
may be useful to avoid predominantly false negatives results 
caused by chromosomal deletions characteristic of certain 
PDOLJQDQFLHV�������,Q�DGGLWLRQ�� WKH�EHG�ILOH�XSORDGHG�LQ� WKH�
FXVWRP�WRRO��FRQWDLQLQJ�DOO�WDUJHWHG�613V��FDQ�EH�PRGLÀHG�LQ�
order to exclude the SNPs present in chromosome target regions 
VXEMHFWHG�WR�GHOHWLRQV�LQ�D�VSHFLÀF�SDWLHQW�

7KH�SDQHO�DYHUDJH�KHWHUR]\JRVLW\�ZDV�DVVHVVHG�DURXQG�����
for the European population in order to obtain different infor-
PDWLYH�PDUNHUV�IRU�HDFK�WUDQVSODQWLQJ�SDLU��IRU�D�PRUH�SUHFLVH�
DQG�UREXVW�TXDQWLÀFDWLRQ��7KH�WKHRUHWLFDO�SDQHO�LQIRUPDWLYLW\�
for unrelated donor:recipient values, calculated according to the 
data present on WKH�1&%,�GE613V�GDWDEDVH��ZDV�HVWLPDWHG�WR�EH�
DSSUR[LPDWHO\���/���P613V��ZKLOH�IRU�VLEOLQJV�WKH�LQIRUPDWLYLW\�

Figure 3. Linearity of Ion AmpliSeq custom chimerism panel: NGS against 
PLFURVDWHOOLWH�YDOXHV��$�VHULHV�RI�DUWLÀFLDO�FKLPHUDV�ZHUH�TXDQWLÀHG�E\�D�VWDQ-
dard microsatellite method (short tandem repeats) and the data were plotted 
FRPSDUHG�WR�WKH�1*6�YDOXHV��7KH�FKLPHUDV�UDQJLQJ�EHWZHHQ����������ZHUH�
QRW�DEOH�WR�EH�TXDQWLÀHG�E\�VKRUW�WDQGHP�UHSHDWV�GXH�WR�WKH�GHWHFWLRQ�OLPLW�RI�
WKH�LQIRUPDWLYH�PDUNHUV��1*6��QH[W�JHQHUDWLRQ�VHTXHQFLQJ�

Figure 4. Patient sample evaluation with NGS and microsatellites (STRs) 
PHWKRGV��6DPSOHV��Q ���WDNHQ�IURP�WKH�VDPH�SDWLHQW�DW�GLIIHUHQW�WLPH�SRLQWV��
UDQJLQJ�IURP������PRQWKV�VXEVHTXHQW�WR�+6&7��ZHUH�FRPSDUHG�XVLQJ�WKH�WZR�
PHWKRGV��$W�����S&K���DQG������S&K�) months, the STRs method was not able 
to detect the recipient DNA. NGS, next generation sequencing; STRs, short 
tandem repeats; HSCT, hematopoietic stem cell transplantation.
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ZDV�HVWLPDWHG�DW��������DSSUR[LPDWHO\��/���P613V���,Q�RUGHU�
to increase the informativity of the ACCh panel, an additional 
����VHOHFWHG�613V�SUHVHQW�LQ�WKH�WDUJHWHG�UHJLRQV�ZHUH�LQFOXGHG�
LQ�WKH�EHG�ÀOH��7KLV�DGGLWLRQ�RI�613V�H[SHULPHQWDOO\�LQFUHDVHd 
the average informativity (Table V).

The ACCh panel reached the limit of detection on the Ion 
7RUUHQW�3*0�SODWIRUP�RI�������KRZHYHU��WKLV�ZDV�XSGDWHG�WR�WKH�
FRQVHUYDWLYH�YDOXH�RI������IRU�WZR�UHDVRQV��L��7KH�,RQ�7RUUHQW�
HUURU�LV�GHÀQHG�WR�EH�EHWZHHQ������DQG������������DQG�LL��WKH�
EDFNJURXQG�RI�WKH�$&&K�SDQHO��EDVHG�RQ�WKH�,5$�GDWD�RI�RXU�
experiments, ranges�EHWZHHQ�����DQG������

Regarding the timing of chimerism analysis, the UK 
NEQAS Consortium has recommended that results should be 
DVVHVVHG�LQ���ZRUNLQJ�GD\V�IURP�WKH�UHFHSWLRQ�RI�WKH�VDPSOH�DQG�
LQ���ZRUNLQJ�GD\V�IRU�XUJHQW�UHTXHVWV������7KH�SURWRFRO�VXJJHVWHG�
LQ�WKH�FXUUHQW�VWXG\�LV�IHDVLEOH�LQ���GD\V��WKH�ÀUVW�GD\�IRU�OLEUDU\�
preparation and quantification and the second for template 
preparation, run sequence and data analysis. In addition, due to 
the fact the ACCh protocol suggested in the current study does 
not present any differences from the standard AmpliSeq Library 
Preparation and Ion Torrent PGM Run Sequence protocols, it is 
possible to introduce it to a standard manual library preparation 
ZRUNÁRZ�RU�LQ�D�OLEUDU\�SUHSDUDWLRQ�ZRUNVWDWLRQ�

Considering the AmpliSeq library construction protocol 
(based on multiplex PCR) from Life Technologies (Thermo 
)LVKHU�6FLHQWLÀF��,QF���� WKH�VDPH�FRQFHSW�FRXOG�EH�WHVWHG�RQ�
additional NGS platforms, such as Illumina or Roche, according 
to their library preparation protocols. Concerning the custom 
ELRLQIRUPDWLFV�WRRO��DQ\�EDP�DQG�EDL�ÀOH�FRXSOHG�E\�D�EHG�ÀOH��
generated from any platform could be used.

At present, the cost of NGS analysis, compared with 
microsatellite methods, remains high, however considering the 
continuously reducing cost per NGS run, an NGS-based method 
IRU�FKLPHULVP�TXDQWLÀFDWLRQ�FRXOG�EH�HYDOXDWHG�LQ�WKH�IXWXUH�IRU�
its adoption in laboratories with a high volume of activity, and 
with NGS platforms already in use for other purposes. Although 
the present study reported a clear correlation between NGS and 
STR methods and identifed important technical details, further 
experimental replications are required in order for the NGS 
protocol to be validated for future laboratory use.
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