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Abstract. Angioimmunoblastic T‑cell lymphoma (AITL) is a
uniquely aggressive mature T‑cell neoplasm. In recent years,
recurrent genetic mutations in ras homolog family member
A (RHOA), tet methylcytosine dioxygenase 2 (TET2), DNA
methyltransferase 3 alpha (DNMT3A) and isocitrate dehydrogenase [NADP(+)] 2 (IDH2) have been identified as associated
with AITL. However, a deep molecular study assessing both
DNA mutations and RNA expression profile combined with
digital image analysis is lacking. The present study aimed
to evaluate the significance of molecular and morphologic
features by high resolution digital image analysis in several
cases of AITL. To do so, a total of 18 separate tissues from
10 patients with AITL were collected and analyzed. The
results identified recurrent mutations in RHOA, TET2,
DNMT3A, and IDH2, and demonstrated increased DNA mutations in coding, promoter and CCCTC binding factor (CTCF)
binding sites in RHOA mutated AITLs vs. RHOA non‑mutated
cases, as well as increased overall survival in RHOA mutated
patients. In addition, single cell computational digital image
analysis morphologically characterized RHOA mutated AITL
cells as distinct from cells from RHOA mutation negative
patients. Computational analysis of single cell morphological
parameters revealed that RHOA mutated cells have decreased
eccentricity (more circular) compared with RHOA non‑mutated
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AITL cells. In conclusion, the results from the present study
expand our understanding of AITL and demonstrate that there
are specific cell biological and morphological manifestations
of RHOA mutations in cases of AITL.
Introduction
T‑cell lymphomas (TCL) are rare hematolymphoid malignancies with poor overall survival. A major subtype of TCL,
angioimmunoblastic T‑cell lymphoma (AITL), has been the
focal point of numerous studies. AITL is characterized by
unique clinical, morphologic, immunophenotypic and molecular features. AITL possesses a characteristic background of
increased vascularity along with morphologically atypical
T‑cells that present with a follicular helper T‑cell immunophenotype (1‑3).
In recent years, broad genetic profiling of AITL reported
that it often harbors mutations in ras homolog family
member A (RHOA; G17V), tet methylcytosine dioxygenase 2
(TET2), DNA methyltransferase 3 alpha (DNMT3A) and isocitrate dehydrogenase [NADP(+)] 2 (IDH2) (4‑9). For example,
RHOA G17V mutations have been the focus of intense research.
RHOA G17V mutations are believed to be highly associated
with the most classic cases of AITL (10) and are found in
50‑80% of AITL cases (7). In addition, RHOA mutated cases
are believed to be characterized by increased microvascular
density and to express a high number of follicular helper T‑cell
markers (10).
To better understand the pathophysiology of AITL, the
present study performed targeted deep sequencing on 18 tissues
samples from 10 patients with AITL, which were biopsied at
the time of diagnosis. Both targeted DNA sequencing and
RNA‑sequencing, including single nucleotide polymorphisms
(SNPs) and insertions/deletions (indel) analysis, translocation
analysis, and gene expression as well as pathway analysis were
performed on AITL cases. Computational image segmentation and analysis from haematoxylin and eosin (H&E) stained
sections were completed in order to quantify and differentiate
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morphological parameters between the RHOA mutated
and RHOA non‑mutated cases. In addition, this analysis
was coupled to the outcomes of patients to compare overall
survival.
Materials and methods
Patient cohort. In the present study, 10 cases of AITL were
selected from the archives (July 2004‑October 2018) of the
Department of Pathology, Stanford University Medical
Center (Stanford, CA) where adequate tissues were available
and diagnoses could be confirmed. Patient medical record
charts, clinical and laboratory data, treatment data and slides
[formalin fixed paraffin embedded (FFPE) lymph node
tissues, clinically stained] were reviewed, and diagnoses were
confirmed by RO, JK, AB and RW according to the 2016 World
Health Organization (WHO) (11,12) criteria. In total, 18 tissue
samples were analyzed. H&E stained slides were generated by
staining FFPE tissues slices of 4‑µm thickness. Auto‑staining
was performed on a Leica Autostainer XL according to
manufacturer's instructions (Leica Microsystems, Inc.). This
study received ethical approval from Stanford University's
Institutional Review Board (reference no. IRB‑22359).
Targeted DNA deep sequencing. Targeted sequencing was
performed as previously described (13). Briefly, DNA was
extracted from FFPE lymph node tissues using the DNA
Storm FFPE DNA Extraction kit (Cell Data Sciences). Quality
and quantity of extracted nucleic acids was assessed by Qubit
(Thermo Fisher Scientific, Inc.) and the 2100 Bioanalyzer
(Agilent Technologies, Inc.). For targeted next‑generation
sequencing (NGS), our Heme Malignancy Evaluation and
Infectious Disease panel (HeME‑ID; Table SI) was used,
which targets 354 genes mutated in hematolymphoid diseases
and allows identification of point mutations, insertion/deletions
(indels) and translocations, as well as 13 viruses and bacteria
associated with hematolymphoid diseases. DNA (150 ng) was
used to prepare the DNA library using the SureSelectXT HS
enrichment kit (Agilent Technologies, Inc.). A 100 base‑pair
paired end high‑throughput sequencing was performed on a
HiSeq4000 platform (Illumina, Inc.) at an average depth of
1000 fold. For downstream processing of the output files,
Genome Analysis Toolkit (GATK; https://gatk.broadinstitute.
org/hc/en‑us) best practices for alignment, single‑nucleotide
variant and structural variant analysis were followed (14),
BWA‑MEM algorithm for alignment was used and further
analysis was performed using GATK (version 4.0; https://gatk.
broadinstitute.org/hc/en‑us), Varscan2 (version v2.3.8) (15),
and SNNPET (Agilent Technologies, Inc.). For variant calling,
SureCall (version 4.1; Agilent Technologies, Inc.) was used
and mutations were analyzed with a variant allele frequency
at ≥2% in single sample analysis mode, which was justified
by a high read depth and the use of molecular barcodes in the
SureselectXT HS kit. Filters were applied following the mutation
caller's recommendations. In order to call a mutation, a 200x
read coverage per base, a minimum coverage in forward and
reverse direction and a maximum allele frequency of 40% were
required and a minimum Combined Annotation Dependent
Depletion (CADD) score of 20. The same filters were applied for
small indels analysis. For annotation, SureCall and Seattleseq
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(University of Washington, Seattle; version 9.10) were used.
For further curation of the variants, Exome Aggregation
Consortium (16), Clinvar (17), 1000 genomes (18), Exome
Variant Server (19) and Varsome (20) were used. For further
downstream analysis, the MutationalPatterns (21) Package from
R was used [mutational signatures analysis using COSMIC
signatures, enrichment/depletion analysis of promoter regions,
CTCF (CCCTC‑binding factor) bindings sites and promoter
flanking regions], and Pathway Analysis was done with
EnrichR (22), Gene Set Enrichment Analysis (23,24) and
ConsensusPathDB‑human (25). Evaluation of microorganisms
was performed using the subtraction method as previously
described for shotgun metagenomic sequencing (26,27). For
viruses, results were interpreted by percent coverage of the
targeted regions and average depth. Samples were classified
as follows: Negative, equivocal and positive. A positive result
required all three targeted regions of a sample to have a
minimum coverage of 75% and an average depth of at least 5.
An equivocal result indicated that all three targeted regions
had a 10‑75% coverage with a minimum average read depth
of 1. A negative result indicated all other scenarios.
RNA‑sequencing and data analysis. RNA was extracted from
FFPE lymph node tissues using the RNA Storm FFPE DNA
Extraction kit (Cell Data Sciences). Quality and quantity of
extracted nucleic acids was assessed by Qubit analysis and 2100
Bioanalyzer. RNA (200 ng) was used to prepare RNA libraries
with the SureSelectXT RNA Direct kit (Agilent Technologies,
Inc.; with Sureselect Exome V6 + UTR, capture library) for
strand‑specific sequencing libraries. A 150 base‑pair paired
end whole transcriptome sequencing was performed on a
high‑throughput sequencing HiSeq4000 platform with a mean
coverage of 300 million reads. For downstream processing of
our output files, Hisat2 (version 2.1.0) (28) was used for alignment and HT‑Seq (version 0.11.1) (29) was used for generation
of the count files. Gene expression analysis was performed
using RStudio (version 3.5.3) (30). Exploratory analysis
[Principal Component Analysis (PCA) and heatmap with
hierarchical clustering by Euclidean distance] was performed
using ClustVis (31). For differential gene expression, the
DeSeq and EdgeR packages were used. The immune cell
composition was analyzed using CIBERSORT (https://cibersort.stanford.edu/), which is a tool that uses the constellation
of expressed genes, based on known signatures, in order to
refer to the suspected immune cell composition within the
analyzed sample (32).
Statistical analysis. Statistical analysis was performed using
R (Cran; version 3.6.0; https://cran.r‑project.org/) and RStudio
(RStudio Inc., version 1.2.1335; https://rstudio.com/). Student's
t‑test and Mann‑Whitney U test were performed to evaluate
differences between the mutational burden of RHOA positive
and negative cases, the average CADD score of RHOA positive
and negative cases, the mutational burden of EBV positive and
negative cases and the average CADD score of EBV positive
and negative cases. χ2 test and Kaplan Meier Survival analysis
were also used. Statistical significance was determined with
the Log‑rank. A two‑sided binomial test was used to compare
the two categories of RHOA positive and negative cases
with regards to expected vs. observed mutational burdens in
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Table I. Clinicopathological characteristics of the 10 patients with angioimmunoblastic T‑cell lymphoma.
Case
number

Age,			
years
Sex
Histology

RHOA		
status
Treatment

Case 1
73
Female
AITL+BCP
RHOA+
Prednisone, Chlorambucil,
					Hydroxyurea, Rituximab
Case 2
70
Male
AITL+BCP
RHOA‑	 6 cycles R‑CHOP +GCSF
Case 3
47
Male
AITL+BCP
RHOA‑	 1 cycle R‑CHOP
Case 4
49
Male
AITL
RHOA‑	 NA
Case 5
78
Female
AITL
RHOA+
Prednisone
Case 6
59
Male
AITL
RHOA‑	 8 cycles CHOP
Case 7
72
Male
AITL
RHOA+
Etanercept treatment
Case 8
45
Male
AITL
RHOA+
6 cycles CHOP + Vincristine vs.
					Brentuximab, auto‑HCT
Case 9
68
Female
AITL
RHOA+
Steroids, 1 dose Cytoxan,
					
Romiplostim + 2 doses IVIG,
					cyclosporine treatment,
					
prednisone + IVIG continuously
Case 10
39
Female
AITL
RHOA‑	 SGN‑35‑014: 4 cycles CHOP +
					Vincristine vs. Brentuximab,
					
3 cycles ICE+Brentuximab,
					auto‑HCT

Time to
relapse, days

Survival,
days

1,364

3,449

310
715
NA
42
181
1,005
1,733

1,177
725
NA
42
181
1,005
1,733

No relapse

1,839

127

264

AITL, angioimmunoblastic T‑cell lymphoma; BCP, B‑cell proliferation; LN, lymph node; BM, bone marrow; EBV, Epstein Barr Virus; F,
female; M, male; N/A, not available; NED, no evidence of disease; R‑CHOP, cyclophosphamide, doxorubicin, vincristine, and prednisone;
HCT, hematopoietic cell transplant; IVIG, intravenous immunoglobulin; RHOA, ras homolog family member A.

defined genomic locations. P<0.05 was considered to indicate
a statistically significant difference.
Computational digital image analysis. H&E images of lymph
node sections were obtained using a conventional slide scanner
(Leica Aperio AT2 slide scanner; Leica Microsystems, Inc.).
The H&E images were patched at an optical zoom of x40,
uniform width of 68 pixels and height of 57 pixels. MATLAB
program (version 2019b; https://www.mathworks.com/) was
used for image analysis wherein the cells of interest were
segmented based on their pixel intensities (33). The unsharp
filter in the Image Processing Toolbox was used to improve
the edge contours and contrast among the different cells of
interest. Based on the input pixels, cells were clustered using
k‑means clustering (34,35). For an input image I(x,y), the
distance between each cluster center, cI(I=1:n), and the corresponding data points is denoted by the equation 1:
This iterative algorithm seeks to minimize the sum of all
distances (d) between all the data points in a particular cluster
to its cluster centroid and is calculated using the equation 2:

Once the necessary cluster that best matched the target cell
body was identified, the respective image was transformed into
its corresponding grayscale format. Finally, the regionprops
function from MATLAB was used to extract eight parameters,

including circularity, area (in pixel2), major axis, minor axis,
eccentricity, equivalent diameter [
], solidity (measure
of the indentations on a cell surface) and perimeter (in pixels).
Since it has been reported that cancer cells exhibit an increased
variability in roundness, elongation and differences in nuclear
shape (36,37), cells were classified based on these parameters.
The resulting datasets of RHOA mutation positive and RHOA
mutation negative samples were compared using Principal
Component Analysis (PCA) in R studio [R version 3.5.1
(2018‑07‑02); https://rstudio.com/] to quantify the deviation
between them and identify the most variable parameters
between the samples.
Results
Patient cohort. Tissue biopsies from 10 patients with AITL
were selected in the present study. All cases were reviewed
by RO, JK, AB and RW and classified according to the 2016
revised WHO classification. The 10 patients consisted of
four women and six men (average age, 60 years; age range,
39‑78 years). Five patients were positive for Epstein‑Barr virus
(EBV) infected cells following analysis by in situ hybridization
(ISH). Five patients were RHOA mutation positive and five
patients were RHOA mutation negative. Treatment regimens
are presented in Table I. Among the 10 patients, only one
(case 9) did not relapse following initial therapy.
DNA mutational analysis demonstrates differential muta‑
tional profiles in RHOA positive cases vs. RHOA negative

BUTZMANN et al: genetic and morphologic landscape of angioimmunoblastic lymphoma

1469

Figure 1. Enrichment/depletion analysis of the mutational burden in defined genomic regions for the RHOA positive (green) cases vs. RHOA negative (red)
cases with the number of observed mutations (transparent) vs. the number of expected mutations (solid) in the upper panel. The ratio of observed/expected on
a log2 rank is depicted in the lower panels of the figure and an asterisk indicates significance (P<0.05; two‑sided binomial test). AITL, angioimmunoblastic
T‑cell lymphoma; RHOA, ras homolog family member A.

cases. Targeted DNA deep sequencing was performed on all
cases to understand the pathophysiology of AITL. The overall
mutational burden ranged from 0‑14. RHOA mutation positive
cases showed a higher mutational burden (5.2 mutations/case)
vs. RHOA mutation negative cases (1.8 mutations/case) with
mutations generally showing more deleterious changes in
RHOA mutation positive cases (average CADD score of 24.9
vs. 21.8). The mutational profile in promoter regions and CTCF
binding sites were also investigated and the results demonstrated that the mutational burden was higher than expected in
these regions, especially for RHOA mutation positive cases vs.
the RHOA mutation negative cases (Fig. 1). Recurrent IDH2,
TET2 and DNMT3A mutations have also been reported in
AITL cases. We identified IDH2 R172 mutations in three of
our cases (cases 5, 8 and 9). Two of these cases also showed
the recurrent TET2 G422Efs*5 mutation (Fig. 2). The results

demonstrated that TET2 was mutated in four additional
samples. In addition, other genes known to be mutated in TCLs
were mutated in our cases, and CD28 was mutated in one case
(case 9) and DNMT3A was mutated in another case (case 5).
Furthermore, ETV6, EP300, STAT3, JAK2, FYN and PLCG1
genes were mutated in the samples analyzed in the present
study. The HeME‑ID Panel can evaluate common breakpoints
and translocations, including for vav guanine nucleotide
exchange factor 1 (VAV1; Table SI). No translocations were
identified in the samples (data not shown). Finally, the absolute
contribution of the COSMIC signatures (version 2), which are
cancer‑type specific signatures (liver, lung, stomach, B‑cell
lymphomas), was also investigated in the AITL samples with
the Mutational Patterns package in R. However, no major
contribution of a mutational signature in the AITL cases was
identified. The mutational signature amongst all cases was the
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Table II. Overview of EBV in AITL cases.
		
Case
Tissue
Case 1
Case 2
Case 3
Case 4
Case 5
Case 6
Case 7
Case 8
Case 9
Case 10

EBV infected cells
(by EBER ISH)

LN
Negative
LN
Positive
LN
Negative
BM		
LN
Positive
BM
Negative
LN
Negative
LN
N/A
BM		
LN
Positive
BM		
LN
Positive
BM		
LN
Negative
LN
Positive
BM
N/A
BM
Positive
BM
Negative

EBV NGS
Negative
Equivocal
Negative
Negative
Positive
Negative
Negative
Negative
Negative
Positive
Negative
Positive
Negative
Equivocal
Positive
Negative
Equivocal
Negative

EBV, Epstein Barr Virus; N/A, not available; NGS, next generation
sequencing. LN, lymph node. BM, bone marrow.

same with a majority of C>T and T>C base exchanges independent from RHOA mutation status or tissue type (Fig. S1).
EBV infection in AITL tissues. Five out of 10 patients had EBV
infected cells by Epstein‑Barr encoding region ISH (Table II).
EBV and 13 other microorganisms as well as 354 human
genetic mutations were targeted by using our targeted panel and
sequencing approach. We performed targeted deep sequencing
with our HeME‑ID panel on our tissue samples directly and
detected EBV in 4 cases as positive and 2 cases as equivocal
(Table SII). All matched bone marrow samples were negative
for EBV infection based on our criteria, apart from case 10
which had equivocal EBV infection of the bone marrow.
Table II represents the viral findings from immunohistochemistry compared with results from NGS. No difference in the
gene expression pattern was observed between EBV positive
and EBV negative cases. The genomic analysis showed a
higher mutational burden in EBV negative cases (average 8.25
vs. average 4 in EBV positive); however, a higher CADD score
in mutated genes in EBV positive cases was observed (average
CADD score 27.11 vs. average CADD score 17.7 in EBV negative). Survival analysis showed no difference between EBV
infected and non‑infected cases (Fig. S2).
RNA expression profiling identifies an altered immunologic
environment in all AITL cases. Investigation of the associated immune system based on the gene expression profile of
the AITL cases demonstrated that the majority of infiltrating
immune cells consisted of naïve B‑cells (yellow, Fig. 3) and
resting memory CD4 T‑cells (beige, Fig. 3). The third largest

component in our AITL cases were the T‑follicular helper
cells (green, Fig. 3). Fig. 3 is a representation of the contribution of the immune cell expression patterns analyzed by the
CIBERSORT pipeline. RHOA positive cases are circled in
red. There is no difference in the immunologic background
of RHOA mutation positive compared with RHOA mutation
negative cases.
AITL cases form two groups independent from RHOA muta‑
tional status or EBV infection status based on gene expression
analysis. Following gene expression analysis, AITL cases
were separated into two clusters. Fig. 4 represents a heatmap
of the gene expression in our AITL samples. Hierarchical
clustering was performed based on Euclidean distance. The
results demonstrated that AITL samples were separated into
two groups: Cases 3, 4, 5 and 6 in one group, and cases 1, 2, 7,
8 and 9 are in another group. Case 10 seemed to be an outlier
with different expression patterns compared with the other
samples. PCA was also performed on RHOA mutational status
(Fig. S3) and the results confirmed similar sample grouping.
However, no association to any of our tested conditions, such
as RHOA status, EBV infection status or gender and age, was
observed.
RHOA G17V mutated cases have better overall survival than
RHOA mutation negative cases. Although treatments were
different in our study group (Table I), the results from overall
survival and relapse‑free survival demonstrated that the RHOA
mutation negative cases had a shorter relapse‑free survival
and showed a trend towards shorter overall survival (Fig. 5).
Furthermore, we also performed Kaplan Meier analysis for
EBV infection status of all cases, but no significant association
between outcomes and EBV infection was identified (data not
shown).
Computational single‑cell image analysis separates
neoplastic T‑cells in RHOA mutated cases from neoplastic
T‑cells in RHOA wild type cases. It has been reported that
RHOA mutations can affect tumorigenesis, in particular cell
motility due to cellular processes associated with the formation of actin fibers and myosin activation (38). Subsequently,
cell morphology of RHOA mutation positive samples and
RHOA mutation negative samples was evaluated.
The results from PCA of samples revealed that although the
two subtypes, RHOA mutation positive and RHOA mutation
negative, showed a maximum variance of ~53% along the first
principal component (Figs. 6 and 7), there was an increased
variation in the eccentricity of samples with RHOA mutation
positive cells (0.73) and RHOA mutation negative cells (0.74).
This indicated that RHOA mutation positive cells may be more
circular compared with RHOA mutation negative cells, which
is explained by the reduced actin formation. Increased variation between these subtypes may be observed by increasing
the total sample size and we hypothesize that greater variance
may also be observed with respect to circularity (36,37).
Discussion
In the present study, 10 cases of AITL were reported and
compared for RHOA mutational status. Genomic analysis
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Figure 2. Summary of the mutations found in AITL cases. Variants marked in red are pathogenic with a Combined Annotation Dependent Depletion (CADD)
score >30. In green are the variants of unknown significance (VUS). Blue variants are deletions. AITL, angioimmunoblastic T‑cell lymphoma.

Figure 3. Immunologic cell subset pattern in RHOA mutated (circled in red) and RHOA non‑mutated AITL cases. AITL, angioimmunoblastic T‑cell lymphoma;
RHOA, ras homolog family member A.

of the bone marrow samples for six of the cases was also
performed. Although the present study was limited in size,
only a few studies have compared RHOA mutation positive

cases side‑by‑side with RHOA negative cases (10,39,40). The
present study provided a broader genomic analysis coupled
with computational digital image analysis.
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Figure 4. Heatmap with hierarchical clustering by Euclidean distance of the gene expression in all AITL cases. AITL, angioimmunoblastic T‑cell lymphoma.

Figure 5. Kaplan‑Meier survival analysis. (A) Relapse‑free survival analysis. (B) Overall survival analysis. Red line is the RHOA mutation negative cases and
the blue line represents the RHOA mutation positive cases. RHOA, ras homolog family member A.
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Figure 6. Principal Component Analysis of RHOA mutated and RHOA non‑mutated AITL cells. Greatest variation was observed along the first Principal
Component with reduced eccentricity in RHOA mutated AITL cases (0.73). AITL, angioimmunoblastic T‑cell lymphoma; RHOA, ras homolog family member A.

Figure 7. Haematoxylin and eosin images of RHOA+ and RHOA‑ samples (magnification, x40) converted to grayscale and clustered to identify morphological
differences.

Recurrent RHOA G17V mutations have been previously
identified in >50% of AITL cases, and mutations in epigenetic
regulators, including IDH2, TET2 and DNMT3A, have also
been described (41,42). The present study also identified the
frequently found mutations in AITL. The results also identified IDH2 and TET2 mutations in association with the RHOA
G17V mutation. The role of RHOA G17V mutations in combination with IDH2 and TET2 within the pathogenesis of AITL
has been previously studied as promoting T‑follicular helper
cell differentiation and as an important genetic hit for T‑cell
lymphomagenesis (8,9,38,43). Other mutations that frequently
occur in AITL, such as DNMT3A, VAV1, PLCG1, STAT3,
JAK2 and FYN, are typically observed independently from

RHOA mutations (40). A previous study by Abate et al (44)
also identified recurrent VAV1 translocations in peripheral
TCL (PTCL). Our HeME‑ID Panel also covered the breakpoint region of VAV1 translocations; however, the present
study did not identify any VAV1 translocation in our cases.
These differences could be due to the small sample size of
AITL cases compared with the 152 PTCL samples (of which
60 were AITL samples) evaluated in the study by Abate et al.
Overall, RHOA mutation positive cases showed a more
damaging mutational burden with an average CADD score
of 24.9 compared with 21.8 for the RHOA negative cases,
suggesting that other genetic mutations in RHOA mutated
cases may be more damaging. This could indicate that RHOA
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mutations may be more oncogenic and result in increased
mutations due to increased DNA damage. Alternatively, it
is possible that cases with RHOA mutations require more
damaging co‑mutations in order for oncogenesis to take form.
Further in vitro and in vivo investigation is therefore required
to assess these possibilities.
The present study also assessed samples for COSMIC
signatures seen in B‑cell lymphomas and solid tumors
(Fig. S4). Some broad COSMIC signatures that are seen in
most tumors were also present in our samples, and no COSMIC
signature was unique to RHOA mutational status. In addition, a
COSMIC T‑cell lymphoma tumor signature was not present in
the COSMIC database. Generating such a signature by using
multiple T‑cell lymphoma subtypes may be required.
Although the mutational burden was higher in the
RHOA positive cases (8.2) compared with the RHOA negative cases (2.4), which was consistent with a previous study
by Sakata‑Yanagimoto et al (7), the present study reported
a higher mutational burden in promoter regions and CTCF
binding sites for the RHOA negative group compared with the
RHOA positive group. Promoter regions and CTCF binding
sites serve crucial roles in the regulation of gene transcription
and expression (45,46). In the present study, RHOA negative
cases seemed to present with a more heterogenous mutational
landscape, which makes them difficult to describe and classify.
These mutations may affect common pathways that ultimately
lead to an AITL phenotype, even in the absence of a RHOA
mutation. This dysregulation of yet unidentified pathways may
also happen in other non‑coding areas. In order to identify the
promoter regions or CTCF binding sites regulating the oncogenesis in the RHOA negative or positive cases, CHIP‑Seq or
functional studies would be required in the future.
AITL is often associated with EBV infected cells and
EBV is identified primarily in non‑T‑cells (the B‑cells) (47);
however, only a few studies evaluated the role of EBV in
AITL pathology. In the present study, six out of 10 patients
had a positive EBV infection status following NGS and ISH
analysis. When looking at the gene expression of our cases
with regards to EBV infected cells, there was no difference
in the gene expression profile between positive and negative
cases. After comparison of the mutational profiles of our cases,
a higher mutational burden was observed in the EBV negative
cases. However, the average CADD score was higher in the
EBV positive cases, suggesting that an EBV infection may
contribute to a more deleterious mutational scenery. Previous
studies suggested that a contribution to T‑cell lymphomagenesis is excluded as there was no virus found in the neoplastic
T‑cells (48,49); however, it was reported that an EBV infection
in AITL cases could lead to histologic progression of these
cases (49). A previous study investigating 270 cases of AITL
reported that in young patients with AITL, an EBV infection
was associated with a significantly improved prognosis (50).
Kaplan‑Meier Survival analysis was performed with regards
to EBV infection, and the results demonstrated no improved
overall survival for EBV positive cases. Our results do not
confirm these previous findings of Eladl et al (50) but our
sample size is small. Another study by Hoffman et al (51)
assessed the association between EBV infection and diffuse
large B‑cell lymphoma (DLBCL) occurring in PTCL, and
reported that patients with PTCL and DLBCL frequently have

EBV infected B‑cells, suggesting an important role of EBV in
B‑cell transformation.
The immunologic environment of AITL is characterized
by a massive infiltration of inflammatory cells (52). An analysis
of immune cell infiltration within our AITL cases based on
gene expression profiling was performed. The results demonstrated that the greatest contributors to the gene expression
profiles were naïve B‑cells, resting memory CD4 T‑cells and
T‑follicular helper cells. Amongst the RHOA positive cases, the
portion of naïve B‑cells and T‑follicular helper cells seemed
to be elevated compared with other cases. Previous studies
investigating the gene expression profiles of AITL reported an
overexpression of T‑follicular helper cells in AITL, since these
are the neoplastic infiltrates, and of vascular endothelial growth
factor (53,54). Nguyen et al (55) identified mutations specific to
both T‑cell and B‑cells within nodal T‑cell lymphomas.
Although the present study only included 10 patients with
AITL, we were interested in assessing statistics associated
with the prognosis of patients with AITL. The relapse‑free
survival and overall survival were evaluated and compared by
RHOA mutational status. The results demonstrated that RHOA
positive cases had a better overall survival and relapse‑free
survival (P‑value=0.048), although these cases tend to have
an increased mutational burden. However, improved outcomes
may be due to improved immune system surveillance in the
setting of more tumor antigenic stimulation. Further studies
are needed to assess this possibility.
Single cell imaging analysis demonstrated that RHOA
mutation positive cells may be more circular than RHOA
mutation negative cells, which, based on the known function
of RHOA, could be a consequence of altered actin dynamics.
This difference was not significant, but an increased variation
between these subtypes may be observed by increasing the
total sample size, and a greater variance may also be detected
with respect to circularity (36,37). However, it is important to
acknowledge that the mutational status of RHOA in the individual cells was unclear, since they were selected randomly.
A single cell NGS study is therefore required to confirm the
absolute mutational status in these cells.
In conclusion, the results from the present study demonstrate the differences and similarities of RHOA mutated
and non‑mutated AITL, identified both increased burden and
deleterious mutations in coding and non‑coding (promoter and
transcription binding site) regions of RHOA mutated AITLs,
highlighted differences in the immune system infiltrate, as
well as a specific single cell morphologic manifestation in
cases of AITL (increased circularity). Further studies are
needed to investigate the immunologic environment in patients
with AITL in the context of understanding RHOA mutations
and their cell biologic responses that will be important future
avenues of study.
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