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ИССЛЕДОВАНИЕ ДОЛГОСРОЧНОГО ЭФФЕКТА ВЫСОКИХ ДОЗ 
ЦИКЛОФОСФАМИДА НА РЕПЕРТУАР Т-КЛЕТОЧНЫХ РЕЦЕПТОРОВ 
T-ЛИМФОЦИТОВ ПЕРИФЕРИЧЕСКОЙ КРОВИ У ПАЦИЕНТОВ 
С АУТОИММУННЫМИ ВАСКУЛИТАМИ 

Механизмы развития аутоиммунных васкулитов и полиангиитов мало изучены, однако известно, что патогенез этих 
заболеваний в значительной степени опосредуется Т-лимфоцитами. Циклофосфамид (ЦФ) широко используется для 
лечения аутоиммунных заболеваний. Клетки лимфоидного ряда (Т, В и NK-клетки), и в особенности наивные Т-лим-
фоциты, обладают высокой чувствительностью к ЦФ. Мы проанализировали репертуары Т-клеточных рецепторов 
(T-cell receptors, TCRs) периферической крови молодых (24–35 лет, n = 4) и пожилых (52–68 лет, n = 5) пациентов с 
синдромами Вегенера и Чарга–Стросса, получавших не ранее чем за 3 года до начала исследования ЦФ в высоких 
дозах. В контрольную группу включили здоровых доноров: 7 молодых и 14 пожилых людей. Мы не выявили описан-
ных ранее вариантов TCRs, характерных для ANCA-ассоциированных васкулитов. Представленность «публичных» 
(часто встречающихся в популяции, в значительной степени формирующихся в эмбриональном периоде) вариантов 
TCRs в репертуарах молодых пациентов оказалась существенно ниже, чем в репертуарах здоровых доноров того же 
возраста, и была близка к таковой пожилых здоровых доноров. Мы предполагаем, что терапия высокими дозами ЦФ 
элиминирует значительную часть наивных Т-лимфоцитов молодых доноров, содержащих публичные варианты TCR 
эмбрионального происхождения. Отдаленные последствия таких изменений в структуре Т-клеточного иммунитета 
требуют дальнейшего изучения.
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LONG-TERM EFFECT OF HIGH CYCLOPHOSPHAMIDE DOSES ON 
THE REPERTOIRE OF T-CELL RECEPTORS OF PERIPHERAL BLOOD 
T-LYMPHOCYTES IN PATIENTS WITH AUTOIMMUNE VASCULITIS

Although mechanisms underlying development of autoimmune vasculitis and polyangiitis remain understudied, these pathologies 
are already known to be largely mediated by T-lymphocytes. Cyclophosphamide (CF) is widely used to treat autoimmune 
diseases. Lymphoid cells in general (T, B, and NK cells) and naive T-lymphocytes in particular are highly sensitive to CF. In this 
work we analyzed the repertoires of T-cell receptors (TCRs) in the peripheral blood of young (aged 24 to 35 years, n = 4) and 
elderly (aged 52 to 68 years, n = 5) patients with ANCA-associated vasculitis (Wegener granulomatosis and Churg–Strauss 
syndrome) treated with high doses of CF > 3 years before the study. The control group included 7 young and 14 elderly healthy 
individuals. We revealed no TCR variants previously reported as typically found in patients with ANCA-associated vasculitis. 
Relative frequency of “public" (often found in a population, largely formed during an embryonic period) TCR variants in the 
repertories of young patients was significantly lower than in the repertories of healthy donors of the same age, and was similar 
to the elderly healthy donors. We hypothesize that CF-treatment eliminates substantial proportion of naïve T-cells in the young 
donors, that contains "public" TCR variants of fetal origin. Long-term consequences of such changes in the structure of T-cell 
immunity require further investigations.
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Immunosupressants have become a common treatment option 
for autoimmune diseases. One of such drugs, the cytotoxic 
cyclophosphamide (CPH), whose immunosuppressive 
properties are still understudied, is used for treating severe 
pathologies, including autoimmune vasculitis. CPH is 
metabolized in the liver into 4-hydroxycyclophosphamide that 
readily diffuses into the cells and then converts into either 
phosphoramide mustard, an active cytotoxic compound, 
or inert carboxyphosphamide (given that the cell is rich in 
aldehyde dehydrogenase). Lymphoid cells, including T- and 
B-lymphocytes and natural killer cells, are low in aldehyde 
dehydrogenase and die when exposed to high doses of 
cyclophosphamide. But primitive hematopoietic cells are rich 
in this enzyme and therefore resistant to CPH. Thus, CPH 
has a pronounced immunosuppressant effect, but is not 
myeloablative: stem cells survive exposure to CPH, retaining 
their hematopoietic activity, which renders bone marrow 
transplantation irrelevant [1]. High doses of CPH have been 
clinically confirmed to induce remission in patients with 
different types of autoimmune disorders (acute aplastic anemia, 
myasthenia gravis, systemic scleroderma, etc.), but 5-year 
relapse-free rates following the treatment with CPH are as low 
as 10 % [2].

There are reports about the specific effect of CPH on naive 
T-cells. For example, Gladstone et al. [3] have demonstrated a 
significant reduction in naive CD45RA+CD4+ T-lymphocytes in 
comparison with CD45RО+CD4+ memory cells in patients with 
multiple sclerosis who received high doses of CPH. Almost 
all the participants retained their immune status, including 
the resistance to the infections they had had in childhood, 
which is mediated by memory cells. Gladstone’s findings 
indicate that memory cells are less sensitive to CPH than naive 
T-lymphocytes.

The evolution of high-throughput sequencing has enabled 
deep profiling of T-cell receptors (TCR) repertoire. Combined 
with an immunofluorescence staining, this technology 
has yielded a few important discoveries about age-driven 
changes in the adaptive immunity. In our previous work we 
have analyzed a wide range of samples, including umbilical 
cord blood and peripheral blood of centenarians, to reveal a 
correlation between the reduction in naive T-lymphocytes and 
the decreasing diversity of the TCR repertoire. We have also 
described some changes in the structure of the TCR repertoire 
occurring throughout the life [4].

Mechanisms underlying the development of vasculitis 
remain understudied. The primary diagnostic marker for this 
disease is anti-neutrophil cytoplasmic antibodies (ANCAs). 
Patients with Wegener granulomatosis (granulomatosis with 
polyangiitis, GPA) have antibodies to proteinase-3 (PR-3), 
while patients with Churg–Strauss syndrome (eosinophilic 
granulomatosis with polyangiitis, EGPA) and microscopic 
polyangiitis have antibodies to myeloperoxidase. ANCAs are 
thought to be implicated in the pathogenesis of vasculitis through 
the interaction with the antigen and stimulation of neutrophil 
degranulation, which causes endothelial and therefore vascular 
damage [5]. Т cells also actively contribute to the development 
of the disease. The afflicted patients have increased counts 
of activated CD4+ and CD8+ T-lymphocytes circulating in the 
peripheral blood and elevated levels of proinflammatory factors 
implicated in their activation. Activated T-cells are also known 
to participate in granuloma formation [6, 7]. It has been shown 
that glomerular crescent formation is suppressed in animals 
with depleted T-lymphocytes [8].

A question remains about the effect of CPH on different 
functional subsets of blood cells and its long-term impact on 

the adaptive immunity. In the recent years a number of works 
have been published concerning the role of CPH in TCR 
reconstitution after allogeneic blood or marrow transplantation. 
It has been shown that high doses of CPH, administered on 
days 3 and 4 after the intervention, significantly reduce the risk 
of both acute and chronic “graft-versus-host” disease and viral 
infections, including Epstein-Bar-related lymphoproliferative 
posttransplantation conditions [9]. Kanakry et al. demonstrate 
that the first to recover after CPH treatment are effector memory 
cells whose diversity is, however, impoverished in comparison 
with that of healthy donors’ cells [10].

In this work we employed high-throughput sequencing 
to study repertoires of peripheral blood TCR obtained from 
9 patients with vasculitis previously treated with high doses 
of cyclophosphamide. Specifically, we compared TCR beta-
chains repertoires in these patients and healthy controls and 
attempted a search for disease-associated variants of TCR and 
expression patterns of well-represented V- and J-beta TCR 
segments. We also evaluated the long-term effect of CPH on 
the repertoire of peripheral blood TCR. 

METHODS

Selecting the participants

Two groups were formed: a group of patients diagnosed with 
vasculitis who had undergone treatment with high doses of 
cyclophosphomide > 3 years before the study and a group 
of healthy volunteers (controls). Each group was divided into 
subgroups of young (24–35 years) and elderly (52–68 years) 
individuals. The subgroup of young patients consisted of 3 
males and 1 female, the subgroup of elderly patients included 
4 males and 3 females; the control group consisted of 6 males 
and 8 females. 

The study was approved by the Ethics Committee of Dmitry 
Rogachev National Research Center of Pediatric Hematology, 
Oncology and Immunology, Moscow (Protocol No. 2013-5/4). 
Informed consent was obtained from all participants.

Isolation of mononuclear cells and 
immunofluorescence staining 

Eight milliliters of blood were collected from each participant 
for blood count and immunofluorescence staining performed 
as described in [11]. A hundred microliters of peripheral blood 
were incubated with the following monoclonal antibodies: FITC 
anti-human CD45RA (eBioscience, Thermo Fisher Scientific, 
USA), CD27-PC5 (eBioscience), CD4-PE (Beckman Coulter, 
USA), and CD8-eFluor 405 (eBioscience), and then lysed using 
Optilyse-С (Beckman Coulter). The samples were analyzed 
in the flow cytometer Cytomics CF500 (Beckman Coulter). 
Peripheral blood mononuclear cells were isolated from 6 ml of 
blood by Ficoll-Paque density gradient centrifugation (PanEco, 
Russia).

Isolation of total RNA, preparation of TCR cDNA 
libraries and sequencing 

Total RNA was isolated using Trizol Reagent (Invitrogen, USA) 
according to the manufacturer’s protocol. RNA yield was 
measured in the QuBit 3 fluorometer (Invitrogen) by intercalator 
fluorescence intensity. Reaction quality was evaluated by gel 
electrophoresis. 

TCR cDNA libraries were obtained as described in [11]. 
TCR beta chain cDNA was synthesized using the Mint kit 
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Fig. 1. Preparation of TCR cDNA libraries. The switch adaptor carries a unique sequence (shown as a barcode in the picture) which allows accurate error correction at 
the stage of data analysis.  The amplified fragment carries TCR beta chain CDR3 responsible for receptor diversity

Synthesis of cDNA using 
the switch adaptor

Two-stage PCR 
amplification

Data analysisLigation of adaptorsmRNA

(Evrogen, Russia) according to the manufacturer’s protocol 
and 1.5 µg of RNA per reaction. Depending on the amount 
of the isolated RNA, 4 to 6 synthesis reactions were run per 
sample. The primers used for cDNA synthesis, the 5′-template 
switch adaptor carrying 12 random nucleotides and the 
amplification protocol are described in [11]. Owing to the use 
of the 5′-adaptor, each synthesized cDNA received a unique 
barcode. The schematic of the experiment is shown in Fig. 1. 

The obtained cDNA was amplified, purified using the Cleanup 
Standard kit (Evrogen) and concentrated. Concentrations of the 
obtained libraries were measured in QuBit 3 (Invitrogen). cDNA 
molecules were ligated to Illumina TruSeq adaptors (Illumina, 
USA). Libraries were sequenced using Illumina HiSeq 2000 
(Illumina) to generate 2 x 150 nt paired-end reads.

Bioinformatic analysis of sequencing data 
  
Demultiplexing of sequencing data and assembly of reads 
grouped by their molecular identifier (barcode) were done 
using the MiGEC pipeline [12] as described in [11]. CDR3 
extraction and assembly of Т-cell clonotypes were aided by 
the MiXCR software [13]. Qualitative analysis of clonotypes (V- 
and J-usage, repertoire overlap) and diversity estimates were 
conducted using VDJtools [14].

Data were statistically processed in the GraphPad Prism5 
(Graph Pad Software, USA). Public clonotypes were analyzed 
using R algorithms.

RESULTS

Flow cytometry of peripheral blood T-cell subsets

Flow cytometry was used to quantify peripheral blood naive 
CD3+ cells (phenotype CD3+CD45RA+CD27+) and naive CD4+/
CD8+ lymphocytes in the samples of patients with vasculitis 
treated with high doses of CPH. The results were compared to 
previously obtained data on healthy donors of different ages [4, 
11]. No significant difference was observed in the proportion of 
naive T-lymphocytes between diseased and healthy individuals 
of the same age (Fig. 2, A).

 
Analysis of TCR diversity by high-throughput sequencing 

Molecular barcoding of cDNA libraries allowed us to trace 
and correct substitution errors occurred during amplification 
and sequencing. To prepare cDNA libraries necessary for 
the analysis of TCR repertoires, we used cap switching 
technology and employed specific synthesis primers [4] (Fig. 1).
Cap switching ensures uniform amplification of fragments 
that correspond to different T-cell receptors, thus preventing 
misrepresentation of variable gene segments. Each cDNA 
library was prepared using the entire amount of total RNA 

isolated from 3.5 billion mononuclear cells. The obtained total 
cDNA was used for amplification in full. Sequencing yielded 
over 30 million reads, the minimum number of reads was 
1.3 х 106, the maximum number was 6.5 х 106. Molecular 
identifiers introduced during the cDNA synthesis stage were 
used as a filter during the analysis (Fig. 1):  only those uniquely 
labeled cDNA molecules that were covered by at least 3 reads 
were factored into. The analysis yielded 27,000 to 400,000 read 
groups each carrying a unique barcode and corresponding to a 
unique cDNA molecule. 

Sequencing data was normalized by random selection of 
25,000 cDNA events per sample, i. e. to the size of the smallest 
dataset obtained from a patient’s sample. It means that 
further analysis was performed on 25,000 unique TCR beta 
chain cDNA molecules representing each sample. Previously 
analyzed TCR repertoires of healthy individuals [11] were used 
as a reference. The reference dataset was also downsized 
to 25,000 random cDNA events per sample. Our previous 
experiments demonstrated that one cDNA event is on average 
equivalent to one T-cell [15]. Thus, the diversity of a T-cell 
repertoire was inferred from the analysis of 25,000 random 
peripheral blood T-lymphocytes. 

The following metrics were used to estimate the diversity 
of the TCR beta chain repertoire: the lower bound for species 
richness (the Chao1 estimator), the Shannon-Wiener index 
of even distribution and the observed diversity of CDR3 (per 
25,000 Т-lymphocytes). 

No significant differences were found in TCR repertoire 
profiles between patients with vasculitis and healthy donors 
(Fig. 2, B–D). But although the proportions of naive T-cells in 
the peripheral blood of diseased and healthy individuals were 
almost the same, Chao1 values were lower for patients with 
vasculitis (Fig. 2, B, E), indicating the depletion of the TCR 
diversity.

Analysis of beta-chain variable segments

Normally, the role of clonal T-cell populations in pathology is 
estimated by spectratyping (analysis of CDR3 fragment lengths 
in general and TCR beta chain V-segments in particular).

A few researchers used TCR spectratyping to demonstrate 
involvement of clonal and oligoclonal T-cells carrying a particular 
V-segment in GPA [18] and EGPA [17]. Later, TCR V-segments 
were found to be overrepresented in the peripheral blood of 
patients with EGPA in another flow cytometry-based study [23].

These findings inspired the search for the described TCR 
V-segments in patients with GPA and EGPA, prompting us to 
analyze the frequencies of different beta-chain segments in 
the diseased and healthy individuals. We revealed no specific 
expression patterns of V- or J-segments that could divide TCR 
repertoires observed in afflicted patients or healthy controls into 
distinct clusters.



71BULLETIN OF RSMU   5, 2017   VESTNIKRGMU.RU| |

ОРИГИНАЛЬНОЕ ИССЛЕДОВАНИЕ   ИММУНОЛОГИЧЕСКАЯ ПАМЯТЬ

Fig. 2. The proportion of naive T cells among the peripheral blood CD3+ lymphocytes and the diversity of TCR beta chain repertoires in patients with autoimmune 
vasculitides who previously received high doses of cyclophosphamide (blue dots) and healthy individuals (orange dots) (А) The proportion of naive T cells among the 
total CD3+ lymphocytes plotted against participants’ age. (B) The diversity of TCR estimated with Chao1. The major contribution is made by low-frequency clones, i.e. 
TCRs of naive lymphocytes. (C) The diversity of CDR3 sequence variants per random 25, 000 TCR beta chain cDNA molecules (D) The diversity of TCR beta chains 
estimated with the Shannon-Wiener index used to measure the evenness of clonotype distribution in the TCR repertoire. (E) The proportion of naive T cells among total 
CD3+ lymphocytes, accounting for Chao1. (F) The number of public clonotypes in clone sets depending on donor’s age. Fig. B-E are based on the analysis of 25,000 
randomly selected TCR beta chain cDNA molecules
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Search for GPA- and EGPA-associated CDR3 sequences

Next, we analyzed the sequencing data of our patients for the 
presence of the annotated CDR3 sequences associated with 
both GPA and EGPA [17, 18, 23]. We searched in unnormalized 
clone sets. We did not find any CDR3 motifs previously 
announced to be GPA — or EGPA —associated.

Estimation of the proportion of public clonotypes 
in TCR repertoires

High-throughput sequencing of immune repertoires is very 
instrumental in obtaining individual lists of TCR sequences 

the organism employs to develop adaptive immune response. 
Among the millions of TCR variants sequenced by the 
authors of this work and other researchers, the so-called 
public (or non-unique) TCR clonotypes have been identified, 
occurring repeatedly in the immune repertoires of unrelated 
participants [11, 19, 20]. Identical TCR sequences found 
in unrelated individuals are thought to be generated through 
stochastic recombination of TCR gene segments or in an 
attempt to produce optimal TCR clones for effective immune 
response to a widespread pathogen or as a result of TCR 
co-evolving with a persisting infection transmitted through 
generations. Relatives share more TCR clonotypes than 
unrelated donors. On the whole, the genetic environment of a 
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donor cohort can affect the outcome of the analysis of public 
TCR repertoires. 

In our previous work we showed that the proportion of 
public TCR clonotypes decreases with age [4]. In other words, 
it is a marker of TCR repertoire ageing. Previously we drew 
a list of human TCR beta-chain clonotypes present in the 
T-lymphocyte repertoires of different donors. Public clonotypes 
were extracted from the sequences of highly diverse TCR 
repertoires of umbilical cord blood where they are abundant. 
We selected clonotypes with the identical CDR3 amino acid 
sequence found in at least 4 of 8 samples of umbilical cord 
blood obtained from healthy donors. This list of clonotypes 
was further supplemented with short high-frequency CDR3 
variants that are generated during VDJ recombination, primarily 
during fetal development [16], and sequences without random 
N-nucleotide insertions at the V–D or D–J junctions resulting 
from a simple VDJ rearrangement in embryos in the absence of 
TdT-transferase expression.

Public clonotypes of TCR beta chains emerged in the 
embryonic stage often coincide with the list of super public 
TCR variants that can be observed in healthy adults (8 to 85 
years, n = 68, super public clones found in 20 samples of 68, 
data unpublished). 

In the course of the analysis, we used clone sets 
normalized to 25,000 cDNA events. Using a list of 7,200 public 
clonotypes, we compared their frequency to the frequencies 
in the reference cohort of healthy individuals and patients with 
vasculitis, to reveal that younger patients had reliably fewer 
public clonotypes (p = 0.04, Mann–Whitney U, Fig. 2, E) in their 
TCR repertoires, compared to healthy donors of the same age. 

DISCUSSION

As mentioned above, no research works have been published 
so far dedicated to deep sequencing of TCR repertoires of 
patients with GPA and EGPA. Sanger sequencing of T-cell 
receptors has, however, been used to discover a common 
CDR3 motif among highly represented Vbeta 21 clonotypes 
of the TCR family in patients with EGPA [17]. Also, there are 
reports on the Vbeta8 clonotype dominating the TCR repertoire 
of patients with GPA [18].

In the course of our study, we did not observe any specific 
clonotypes or expression patterns of V- and J-segments 

that could be used to discriminate between GPA or EGPA 
patients and healthy individuals of the same age. Perhaps, we 
need a larger sample to identify T-cell clones associated with 
the disease. In the recent study conducted in 191 patients 
with ankylosing spondylitis and 227 healthy individuals, the 
consensus TCR beta CDR3 motif was identified to implicate in the 
pathogenesis of this autoimmune disease [21]. A combination 
of techniques, such as the analysis of TCR repertoires obtained 
from the lymphocytes migrating to inflammation sites and a 
new algorithm for calculating the probability of assembly of 
a particular CDR3 sequence, may provide a solution to the 
problem of autoimmune clone identification [22].

The analysis of TCR diversity demonstrated the absence 
of significant differences in the degree of clonality and the 
observed CDR3 diversity between patients with vasculitis 
and healthy controls. Slight variations in the proportion of 
naive T-lymphocytes and Chao1 values may indicate a minor 
peripheral expansion of naive clones recovered after CPH 
treatment. 

Our study demonstrates that young patients have a 
significantly lower number of public clonotypes in comparison 
with healthy donors of the same age. Such structural changes 
of the TCR repertoire of young patients after exposure to 
high doses of CPH may indicate premature of T-cell adaptive 
immunity. We conclude that the subset of public TCR 
representing naive T-lymphocytes formed during the embryonic 
stage is considerably downsized by high doses of CPH. Further 
research is necessary to demonstrate the long-term effects of 
such changes.

CONCLUSIONS

Using deep sequencing, we have analyzed TCR repertoires of 
diseased individuals and healthy donors to discover that TCR 
repertoires are able to recover after the exposure to high doses 
of cyclophosphamide. The number of public clonotypes in 
patients with autoimmune disorders is, however, lower than in 
healthy individuals, which indicates premature ageing of TCR 
repertoires.

We have not observed any changes that may be associated 
with autoimmune vasculitis. Patients’ sequencing datasets 
contained no T-cell clonotypes previously annotated in the 
literature as implicated in the pathogenesis of the disease.

References

1. Brodsky RA. High dose cyclophosphamide treatment for 
autoimmune disorders. ScientificWorldJournal. 2002 Jun 28; 2: 
1808–15. DOI: 10.1100/tsw.2002.863.

2. DeZern AE, Styler MJ, Drachman DB, Hummers LK, 
Jones RJ, Brodsky RA Repeated treatment with high dose 
cyclophosphamide for severe autoimmune diseases. Am J Blood 
Res. 2013; 3 (1): 84–90.

3. Gladstone DE, Golightly MG, Brannagan TH 3rd. High dose 
cyclophosphamide preferentially targets naïve T (CD45/CD4/
RA+) cells in CIDP and MS patients. J Neuroimmunol. 2007 Oct; 
190 (1–2): 121–6. DOI: 10.1016/j.jneuroim.2007.07.005.

4. Britanova OV, Shugay M, Merzlyak EM, Staroverov DB, 
Putintseva EV, Turchaninova MA et al. Dynamics of Individual T Cell 
Repertoires: From Cord Blood to Centenarians. J Immunol. 2016 
Jun 15; 196 (12): 5005–13. DOI: 10.4049/jimmunol.1600005.

5. Wilde B, Thewissen M, Damoiseaux J, van Paassen P, Witzke O, 
Tervaert JWC. T cells in ANCA-associated vasculitis: what can we 
learn from lesional versus circulating T cells? Arthritis Res Ther. 
2010; 12 (1): 204. DOI: 10.1186/ar2923.

6. McKinney EF, Willcocks LC, Broecker V, Smith KGC. The 

immunopathology of ANCA-associated vasculitis. Semin 
Immunopathol. 2014 Jul; 36 (4): 461–78. DOI: 10.1007/s00281-
014-0436-6.

7. Giscombe R, Wang XB, Kakoulidou M, Lefvert AK. Characterization 
of the expanded T-cell populations in patients with Wegener's 
granulomatosis. J Intern Med. 2006 Sep; 260 (3): 224–30. DOI: 
10.1111/j.1365-2796.2006.01688.x.

8. Ruth AJ, Kitching AR, Kwan RY, Odobasic D, Ooi JD, 
Timoshanko J et al. Anti-neutrophil cytoplasmic antibodies 
and effector CD4+ cells play nonredundant roles in anti-
myeloperoxidase crescentic glomerulonephritis. J Am Soc Nephrol. 
2006 Jul; 17 (7): 1940–9. DOI: 10.1681/ASN.2006020108. 

9. Kanakry CG, Ganguly S, Zahurak M, Bolaños-Meade J, 
Thoburn C, Perkins B et al. Aldehyde dehydrogenase expression 
drives human regulatory T cell resistance to posttransplantation 
cyclophosphamide. Sci Transl Med. 2013 Nov 13; 5 (211): 
211ra157. DOI: 10.1126/scitranslmed.3006960.

10. Kanakry CG, Coffey DG, Towlerton AM, Vulic A, Storer BE, 
Chou J et al. Origin and evolution of the T cell repertoire after 
posttransplantation cyclophosphamide. JCI Insight. 2016; 1 (5): 



73BULLETIN OF RSMU   5, 2017   VESTNIKRGMU.RU| |

ОРИГИНАЛЬНОЕ ИССЛЕДОВАНИЕ   ИММУНОЛОГИЧЕСКАЯ ПАМЯТЬ

Литература

1. Brodsky RA. High dose cyclophosphamide treatment for 
autoimmune disorders. ScientificWorldJournal. 2002 Jun 28; 2: 
1808–15. DOI: 10.1100/tsw.2002.863.

2. DeZern AE, Styler MJ, Drachman DB, Hummers LK, 
Jones RJ, Brodsky RA Repeated treatment with high dose 
cyclophosphamide for severe autoimmune diseases. Am J Blood 
Res. 2013; 3 (1): 84–90.

3. Gladstone DE, Golightly MG, Brannagan TH 3rd. High dose 
cyclophosphamide preferentially targets naïve T (CD45/CD4/
RA+) cells in CIDP and MS patients. J Neuroimmunol. 2007 Oct; 
190 (1–2): 121–6. DOI: 10.1016/j.jneuroim.2007.07.005.

4. Britanova OV, Shugay M, Merzlyak EM, Staroverov DB, 
Putintseva EV, Turchaninova MA et al. Dynamics of Individual T Cell 
Repertoires: From Cord Blood to Centenarians. J Immunol. 2016 
Jun 15; 196 (12): 5005–13. DOI: 10.4049/jimmunol.1600005.

5. Wilde B, Thewissen M, Damoiseaux J, van Paassen P, Witzke O, 
Tervaert JWC. T cells in ANCA-associated vasculitis: what can we 
learn from lesional versus circulating T cells? Arthritis Res Ther. 
2010; 12 (1): 204. DOI: 10.1186/ar2923.

6. McKinney EF, Willcocks LC, Broecker V, Smith KGC. The 
immunopathology of ANCA-associated vasculitis. Semin 
Immunopathol. 2014 Jul; 36 (4): 461–78. DOI: 10.1007/s00281-
014-0436-6.

7. Giscombe R, Wang XB, Kakoulidou M, Lefvert AK. Characterization 
of the expanded T-cell populations in patients with Wegener's 
granulomatosis. J Intern Med. 2006 Sep; 260 (3): 224–30. DOI: 
10.1111/j.1365-2796.2006.01688.x.

8. Ruth AJ, Kitching AR, Kwan RY, Odobasic D, Ooi JD, 
Timoshanko J et al. Anti-neutrophil cytoplasmic antibodies 
and effector CD4+ cells play nonredundant roles in anti-
myeloperoxidase crescentic glomerulonephritis. J Am Soc Nephrol. 
2006 Jul; 17 (7): 1940–9. DOI: 10.1681/ASN.2006020108. 

9. Kanakry CG, Ganguly S, Zahurak M, Bolaños-Meade J, 
Thoburn C, Perkins B et al. Aldehyde dehydrogenase expression 
drives human regulatory T cell resistance to posttransplantation 
cyclophosphamide. Sci Transl Med. 2013 Nov 13; 5 (211): 
211ra157. DOI: 10.1126/scitranslmed.3006960.

10. Kanakry CG, Coffey DG, Towlerton AM, Vulic A, Storer BE, 
Chou J et al. Origin and evolution of the T cell repertoire after 

posttransplantation cyclophosphamide. JCI Insight. 2016; 1 (5): 
e86252. DOI: 10.1172/jci.insight.86252.

11. Britanova OV, Putintseva EV, Shugay M, Merzlyak EM, 
Turchaninova MA, Staroverov DB et al. Age-related decrease 
in TCR repertoire diversity measured with deep and normalized 
sequence profiling. J Immunol. 2014 Mar 15; 192 (6): 2689–98. 
PubMed PMID:24510963 doi: 10.4049/jimmunol.1302064.

12. Shugay M, Britanova OV, Merzlyak EM, Turchaninova MA, 
Mamedov IZ, Tuganbaev TR et al. Towards error-free profiling of 
immune repertoires. Nat Methods. 2014 Jun; 11 (6): 653–5. DOI: 
10.1038/nmeth.2960.

13. Shugay M, Bagaev DV, Turchaninova MA, Bolotin DA, 
Britanova OV, Putintseva EV et al. VD Jtools: Unifying Post-
analysis of T Cell Receptor Repertoires. PLoS Comput Biol. 2015 
Nov 25; 11 (11): e1004503. DOI: 10.1371/journal.pcbi.1004503. 

14. Bolotin DA, Poslavsky S, Mitrophanov I, Shugay M, Mamedov I, 
Putintseva E et al. MiXCR: software for comprehensive adaptive 
immunity profiling. Nat Methods. 2015 May; 12 (5): 380–1. DOI: 
10.1038/nmeth.3364. 

15. Egorov ES, Merzlyak EM, Shelenkov AA, Britanova OV, 
Sharonov GV, Staroverov DB et al. Quantitative profiling of immune 
repertoires for minor lymphocyte counts using unique molecular 
identifiers. J Immunol. 2015; 194 (12): 6155–63. DOI: 10.4049/
jimmunol.1500215.

16. Pogorelyy MV, Elhanati Y, Marcou Q, Sycheva AL, Komech EA, 
Nazarov VI et al. Persisting fetal clonotypes influence the structure 
and overlap of adult human T cell receptor repertoires. PLoS 
Comput Biol. 2017 Jul 6; 13 (7): e1005572. DOI: 10.1371/journal.
pcbi.1005572.

17. Grunewald J, Halapi E, Wahlström J, Giscombe R, Nityanand S, 
Sanjeevi C et al. T-cell expansions with conserved T-cell receptor 
beta chain motifs in the peripheral blood of HLA-DRB1*0401 
positive patients with necrotizing vasculitis. Blood. 1998; 92 (10): 
3737–44.

18. Müschen M, Warskulat U, Perniok A, Even J, Moers C, Kismet B 
et al. Involvement of Soluble CD95 in Churg-Strauss Syndrome. 
Am J Pathol. 1999 Sep; 155 (3): 915–25. DOI: 10.1016/S0002-
9440(1)65191-7.

19. Link CS, Eugster A, Heidenreich F, Rücker-Braun E, 

e86252. DOI: 10.1172/jci.insight.86252.
11. Britanova OV, Putintseva EV, Shugay M, Merzlyak EM, 

Turchaninova MA, Staroverov DB et al. Age-related decrease 
in TCR repertoire diversity measured with deep and normalized 
sequence profiling. J Immunol. 2014 Mar 15; 192 (6): 2689–98. 
PubMed PMID:24510963 doi: 10.4049/jimmunol.1302064.

12. Shugay M, Britanova OV, Merzlyak EM, Turchaninova MA, 
Mamedov IZ, Tuganbaev TR et al. Towards error-free profiling of 
immune repertoires. Nat Methods. 2014 Jun; 11 (6): 653–5. DOI: 
10.1038/nmeth.2960.

13. Shugay M, Bagaev DV, Turchaninova MA, Bolotin DA, 
Britanova OV, Putintseva EV et al. VD Jtools: Unifying Post-
analysis of T Cell Receptor Repertoires. PLoS Comput Biol. 2015 
Nov 25; 11 (11): e1004503. DOI: 10.1371/journal.pcbi.1004503. 

14. Bolotin DA, Poslavsky S, Mitrophanov I, Shugay M, Mamedov I, 
Putintseva E et al. MiXCR: software for comprehensive adaptive 
immunity profiling. Nat Methods. 2015 May; 12 (5): 380–1. DOI: 
10.1038/nmeth.3364. 

15. Egorov ES, Merzlyak EM, Shelenkov AA, Britanova OV, 
Sharonov GV, Staroverov DB et al. Quantitative profiling of immune 
repertoires for minor lymphocyte counts using unique molecular 
identifiers. J Immunol. 2015; 194 (12): 6155–63. DOI: 10.4049/
jimmunol.1500215.

16. Pogorelyy MV, Elhanati Y, Marcou Q, Sycheva AL, Komech EA, 
Nazarov VI et al. Persisting fetal clonotypes influence the structure 
and overlap of adult human T cell receptor repertoires. PLoS 
Comput Biol. 2017 Jul 6; 13 (7): e1005572. DOI: 10.1371/journal.
pcbi.1005572.

17. Grunewald J, Halapi E, Wahlström J, Giscombe R, Nityanand S, 
Sanjeevi C et al. T-cell expansions with conserved T-cell receptor 

beta chain motifs in the peripheral blood of HLA-DRB1*0401 
positive patients with necrotizing vasculitis. Blood. 1998; 92 (10): 
3737–44.

18. Müschen M, Warskulat U, Perniok A, Even J, Moers C, Kismet B 
et al. Involvement of Soluble CD95 in Churg-Strauss Syndrome. 
Am J Pathol. 1999 Sep; 155 (3): 915–25. DOI: 10.1016/S0002-
9440(1)65191-7.

19. Link CS, Eugster A, Heidenreich F, Rücker-Braun E, 
Schmiedgen M, Oelschlägel U et al. Abundant cytomegalovirus 
(CMV) reactive clonotypes in the CD8+ T cell receptor alpha 
repertoire following allogeneic transplantation. Clin Exp Immunol. 
2016 Jun; 184 (3): 389–402. DOI: 10.1111/cei.12770.

20. Ruggiero E, Nicolay JP, Fronza R, Arens A, Paruzynski A, 
Nowrouzi A et al. High-resolution analysis of the human T-cell 
receptor repertoire. Nat Commun. 2015 Sep 1; 6: 8081. DOI: 
10.1038/ncomms9081.

21. Faham M, Carlton V, Moorhead M, Zheng J, Klinger M, Pepin F 
et al. Discovery of T Cell Receptor β Motifs Specific to HLA-B27-
Positive Ankylosing Spondylitis by Deep Repertoire Sequence 
Analysis. Arthritis Rheumatol. 2017 Apr; 69 (4): 774–84. DOI: 
10.1002/art.40028.

22. Komech Е, Zvyagin I, Shmidt E, Klimenko A, Shostak N, 
Mamedov I, Lebedev Y. Shared T-cell clones are found in synovial 
fluid of patients with ankylosing spondylitis. In: Abstract book 
of 12th EJI-EFIS Tatra Immunology Conference; 2016 Sep 3–7; 
Strbske Pleso, Slovakia. p. 39.

23. Guida G, Vallario A, Stella S, Boita M, Circosta P, Mariani S et 
al. Clonal CD8+ TCR-Vbeta expanded populations with effector 
memory phenotype in Churg Strauss syndrome. Clin Immunol. 
2008 Jul; 128 (1): 94–102. DOI: 10.1016/j.clim.2008.03.505.



74 BULLETIN OF RSMU   5, 2017   VESTNIKRGMU.RU| |

ORIGINAL RESEARCH   IMMUNOLOGIC MEMORY

Schmiedgen M, Oelschlägel U et al. Abundant cytomegalovirus 
(CMV) reactive clonotypes in the CD8+ T cell receptor alpha 
repertoire following allogeneic transplantation. Clin Exp Immunol. 
2016 Jun; 184 (3): 389–402. DOI: 10.1111/cei.12770.

20. Ruggiero E, Nicolay JP, Fronza R, Arens A, Paruzynski A, 
Nowrouzi A et al. High-resolution analysis of the human T-cell 
receptor repertoire. Nat Commun. 2015 Sep 1; 6: 8081. DOI: 
10.1038/ncomms9081.

21. Faham M, Carlton V, Moorhead M, Zheng J, Klinger M, Pepin F 
et al. Discovery of T Cell Receptor β Motifs Specific to HLA-B27-
Positive Ankylosing Spondylitis by Deep Repertoire Sequence 

Analysis. Arthritis Rheumatol. 2017 Apr; 69 (4): 774–84. DOI: 
10.1002/art.40028.

22. Komech Е, Zvyagin I, Shmidt E, Klimenko A, Shostak N, 
Mamedov I, Lebedev Y. Shared T-cell clones are found in synovial 
fluid of patients with ankylosing spondylitis. In: Abstract book 
of 12th EJI-EFIS Tatra Immunology Conference; 2016 Sep 3–7; 
Strbske Pleso, Slovakia. p. 39.

23. Guida G, Vallario A, Stella S, Boita M, Circosta P, Mariani S et 
al. Clonal CD8+ TCR-Vbeta expanded populations with effector 
memory phenotype in Churg Strauss syndrome. Clin Immunol. 
2008 Jul; 128 (1): 94–102. DOI: 10.1016/j.clim.2008.03.505.


