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Introduction: Reactivation of thymopoiesis in adult patients with autoimmune

disorders treated with autologous haematopoietic stem cell transplantation

(AHSCT) is supported by studies exploring immunoreconstitution. Radiological

evidence of thymic hyperplasia after AHSCT was previously reported in patients

with systemic sclerosis, but, to our knowledge, it has not been described in

multiple sclerosis (MS), where premature thymic involution has been observed

and immunosenescence might be accelerated by disease-modifying

treatments (DMTs).

Participants and methods: monocentric case series including MS patients who

performed a chest CT scan for clinical purposes after having received AHSCT

(BEAM/ATG regimen) for aggressive MS failing DMTs. Chest CT exams were

reviewed by a thoracic radiologist: thymic hyperplasia was defined as a rounded

mass in the thymic loggia with a density around 40 Hounsfield Units (HU) and

thickness >1.3 cm.

Results: Fifteen MS patients were included; the median time interval between

AHSCT and chest CT scan was 2 (range 1-18) months. All the patients were free

from new inflammatory events and DMTs over a median follow-up of 36 months

(range 12-84) after AHSCT. Thymic hyperplasia was detected in 3/15 (20%) cases

in an exam taken 1 to 3 months after AHSCT; all these patients were females, and

aged 30 to 40 years. Lung infections and secondary autoimmunity were

diagnosed in 5 and 1 cases, respectively, none of which showed thymic

hyperplasia. No associations between thymic hyperplasia and clinical-

demographic characteristics or post-AHSCT outcomes were observed.
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Conclusions: Thymic hyperplasia was detected in 20% of MS patients recently

treated with AHSCT. These results are consistent with previous immunological

studies showing that AHSCT promotes thymus reactivation in MS patients, further

supporting de-novo thymopoiesis as a cornerstone of immune reconstitution

after AHSCT in this population.
KEYWORDS

multiple sclerosis, hematopoietic stem cell transplantation, transplant, thymus, immune
reconstitution, autoimmune diseases, CT, imaging
1 Introduction

Autologous haematopoietic stem cell transplantation (AHSCT) is

currently endorsed as a treatment option for selected aggressive

autoimmune disorders, including multiple sclerosis (MS), a chronic

autoimmune demyelinating and neurodegenerative disease of the

central nervous system (CNS) (1–3). AHSCT is a multistep procedure

consisting of the administration of high-dose chemotherapy/

serotherapy inducing the ablation of the haematolymphoid system,

which is followed by immune reconstitution prompted by the

reinfusion of haematopoietic stem cells (HSCs) previously collected
02
from the individual itself. Immunoreconstitution after AHSCT

occurs in two phases: (i) early reconstitution, mainly promoted by

a homeostatic expansion of cells surviving the chemotherapy, and (ii)

late reconstitution, which is promoted by de-novo thymopoiesis

(Figure 1). The latter is associated with a radical renewal of the T

cell compartment and therefore likely contributes to the efficacy of

AHSCT in autoimmune disorders (4).

Despite physiological age-related thymic involution, acute

shrinking of thymic tissue followed by growth to a volume similar to

or even larger than baseline is seen after acute stress events such as

infections, radiation therapy, surgery and burns (5). The most frequent
FIGURE 1

Mechanisms of immunoreconstitution after AHSCT encompass early reconstitution, promoted by the homeostatic expansion of cells that survived
the conditioning chemotherapy, and late reconstitution, mainly prompted by de-novo thymopoiesis. HSCs, hematopoietic stem cells; TCR, T cell
receptor. Created with BioRender.com. Mariottini, A. (2024) BioRender.com/n84b118.
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cause of thymic rebound hyperplasia is chemotherapy, with 10-25%

incidence usually within 2 years of treatment (6). Thymic rebound

hyperplasia is more frequent in children and young adults (with a

strictly age-related incidence) and may be challenging during

radiological restaging of lymphoma patients with mediastinal

involvement (7). Immunophenotyping of T cell populations

demonstrated that this radiological finding is associated with an

increase or resumption of thymus activity, representing the

morphological counterpart of reactivation of thymopoiesis (8).

Radiological evidence of thymic hyperplasia in people

undergoing AHSCT for autoimmune indication was previously

reported in a cohort of patients with systemic sclerosis (9), but, to

our knowledge, it has never been described in people with MS. As

reduced thymic output suggestive of premature thymic involution

was described in MS (10), and as this phenomenon may be

accelerated by disease-modifying treatments (DMTs) (11),

thymus response to the chemotherapy administered during

AHSCT may differ in people with MS compared to patients

affected by other autoimmune disorders.

The occurrence of thymic hyperplasia as detected by chest CT

was therefore explored in a monocentric case series including MS

patients previously treated with AHSCT after failure of conventional

DMTs, who performed a chest CT scan for clinical purposes.
2 Participants and methods

2.1 Participants and AHSCT procedure

Patients affected by relapsing-remitting (RR-) or secondary-

progressive (SP-) MS diagnosed according to the McDonald criteria

(12–14) received AHSCT at the Cell Therapy and Transfusion

Medicine Unit of the Careggi University Hospital in Florence, Italy,

in collaboration with the MS Referral Centre for the Tuscany region of

the same hospital. All the patients were treated with the same AHSCT

protocol after being selected according to the inclusion/exclusion

criteria of the centre, as previously reported (15). Briefly, Peripheral

Blood Haematopoietic Stem Cells (PBSC) were mobilised by the

administration of high doses of cyclophosphamide (4 g/sqm)

followed by daily granulocyte colony-stimulating factor (G-CSF; 10

mg/kg per day) starting at day +5, until completion of the PBSC harvest

by leukapheresis. Conditioning was performed with the myeloablative

intermediate intensity regimen BEAM/ATG (3), which encompasses

the following: BCNU (Carmustine) 300 mg/m2 on day −6, ARA-C

(Cytosine-Arabinoside) 200 mg/m2/day and VP-16 (Etoposide) 200

mg/m2/day from day −5 to day −2, and Melphalan 140 mg/m2 on day

−1; rabbit anti-thymocyte globulin (ATG, Thymoglobulin™, Sanofi)

was added at a dose of 3.75 mg/kg/day on day +1 and +2 (total dose 7.5

mg/Kg). Supportive therapies and infection prophylaxis were

administered according to local protocols.
2.2 Post-AHSCT follow-up

Standardised haematological and neurological evaluations were

performed at baseline, at months 6 and 12 after AHSCT and then at
Frontiers in Immunology 03
least yearly. Immune cell reconstitution was determined by flow

cytometry immunophenotyping performed in peripheral blood

according to clinical practice, including a pre-AHSCT sample and

longitudinal post-AHSCT follow-up. New focal inflammatory

activity after AHSCT was defined as the occurrence of relapses

and/or brain magnetic resonance imaging (MRI) activity (i.e.

appearance of new T2 lesions at follow-up compared to the re-

baseline scan taken at month six after AHSCT, or of gadolinium-

enhancing lesions at any time).
2.3 Chest CT scan

Chest CT exams were performed with a new generation

computed tomography (Revolution HD, General Electrics, 128

slice row) with the same protocol: a baseline scan followed by a

chest acquisition after intravenous contrast media injection

(acquisition in a venous phase, after 60 s from the injection). The

axial acquisitions were reconstructed also in coronal and sagittal

planes to better identify mediastinal structures. Chest CT exams

were reviewed by a thoracic radiologist, blind to clinical data. CT

venous images were then analysed in a post-processing phase by a

dedicated software (SingoVia, Siemens – Erlangen, Germany), using

specific panel visualization that help radiologists in applying

morpho-volumetric analysis. Thymic hyperplasia was defined as a

rounded mass in the thymic loggia with a density around 40

Hounsfield Units (HU) and thickness >1.3 cm (16, 17). Thymic

rebound was defined as increased thickness not exceeding 1.3 cm

and soft-tissue lobulation in the thymic loggia. Specific

measurements of thymic gland were performed using two major

perpendicular measures in the axial plane; where possible, the

software allows a volumetric reconstruction.
2.4 Statistical methods

Continuous and dichotomous variables are summarised as

median (range) or number (frequency), respectively. Correlations

between thymic hyperplasia and clinical-demographic characteristics

and post-AHSCT variables were explored using Spearman

correlation analysis, considering as significant a two-tailed p-value

<0.05. The statistical software used was SPSS version 25 forWindows.
3 Case presentation

3.1 Patient population

Fifteen MS patients (13 females; 7 RR-MS) were included

(Table 1). All the patients had received DMTs before AHSCT,

including interferons (n=12), natalizumab and fingolimod (n=8

each), anti-CD20 monoclonal antibodies and cyclophosphamide

(n=6 each), glatiramer-acetate (n=4), dimethyl-fumarate (n=3),

azathioprine, alemtuzumab and cladribine (n=1 each).

Chest CT scan was performed a median of 2 (1 – 18) months

after AHSCT. The indication for CT exams was suspicion of lung
frontiersin.org
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infections in 12 (80%) cases; 2 (13%) patients performed total body

CT scans for EBV-related post-transplant lymphoproliferative

disorder (PTLD) stadiation, while 1 (7%) performed pulmonary

CT angiography for monitoring of an intracardiac thrombosis that

occurred before AHSCT. Chest CT scan was consistent with

pneumonia in 6 out of 15 (40%) cases, and 5 patients performed a

consecutive bronchoscopy with bronchoalveolar lavage, resulting in

aetiological agent identification in 3 cases (1 case of Pneumocystis

jirovecii, 1 Cytomegalovirus, 1 H1N1). A pre-AHSCT scan was

available in 3 cases for AHSCT eligibility screening.
3.2 Thymus appearance on chest CT

Thymic hyperplasia (Figure 2) was detected in 3/15 (20%)

patients in CT exams taken 1 to 3 months after AHSCT. The time

interval between AHSCT and CT was 1 month (range 1 – 3) in
Frontiers in Immunology 04
patients with thymic hyperplasia and 3 months (range 1 – 18) in

those without. All the patients showing thymic hyperplasia were

females and affected by SP-MS; they were aged 30 to 40 years.

Previous DMTs received by these three patients included interferons,

natalizumab, and cyclophosphamide (n=2 each); glatiramer-acetate,

dimethyl-fumarate, alemtuzumab, and fingolimod (n=1 each).

Follow-up imaging was available in one patient, who showed a

further increase in thymus size six months later (month 7 after

AHSCT) followed by stabilisation at 1 year after AHSCT.

Four further patients (27%) showed a thymic rebound in a CT

exam taken a median of 11 months (range 1 – 18) after AHSCT.

Three out of 4 patients were females (75%), and two were affected by

RR-MS; the median age at CT scan was 47.5 years (range 28 – 50).
3.3 T cell reconstitution and outcomes
after AHSCT

Kinetics of reconstitution of CD3+ lymphocyte subsets after

AHSCT are shown in Figure 3. Individual trajectories of patients

with thymic hyperplasia/rebound suggest a trend towards a later

repopulation of T cells compared to those with thymus involution,

who show an early increase, especially in CD8+ T cell count; no

statistical analysis was performed due to the small sample size and

missing timepoints for some patients.

All the patients were free from new focal inflammatory events

(relapses or new T2 and/or gadolinium enhancing MRI lesions) and

from treatment with DMTs over a median follow-up of 36 months

(range 12 - 84) after AHSCT. At the latest follow-up, EDSS

worsened in 8/15 cases, one of which showed thymic hyperplasia.

Secondary autoimmunity was diagnosed in one patient (haemolytic

anaemia), who showed thymic rebound. EBV reactivations

requiring treatment were observed in 5/15 patients (33%), being

thymic hyperplasia observed in 1/5 cases. None of the patients with

thymic hyperplasia was diagnosed with lung infection.

No associations between thymic hyperplasia and clinical-

demographic characteristics or post-AHSCT outcomes

were observed.
FIGURE 2

Example of thymic hyperplasia detected by chest CT scan after AHSCT (B) compared to a pre-AHSCT exam (A).
TABLE 1 Clinical-demographic characteristics of the MS patients
included (n=15).

median (range)

Age at CT scan, years 40 (26 – 50)

MS duration at CT scan, years 16 (7 – 25)

Number of DMTs prior to AHSCT 3 (2 – 6)

Duration of treatment with DMTs before
AHSCT, years

10 (2 – 21)

EDSS at AHSCT 5.0 (1.5
– 6.5)

Time interval between AHSCT and chest
CT, months

2 (1 – 18)

n (%)

Sex, female 13 (87%)

MS form, relapsing-remitting 7 (47%)
AHSCT, autologous haematopoietic stem cell transplantation; CT, computed tomography;
DMTs, disease-modifying treatments; EDSS, Expanded Disability Status Scale; MS,
multiple sclerosis.
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4 Discussion

Age-related thymic atrophy/involution is a well-known

physiologic process starting in the first year of life (18), and the

vast majority of adults show complete fatty replacement of the

thymus on chest CT scans (19). However, thymic hyperplasia may

be observed in adults after exposure to definite triggers, including

COVID-19 (20), and the chemotherapy administered for the

treatment of malignancies and during AHSCT (21, 22).

Intriguingly, in the context of COVID-19 infection, thymus

enlargement was associated with increased T lymphocyte

production estimated by sj/bTREC ratio, which correlated with

the CT scan thymic score; this was interpreted by the Authors as a

beneficial adaptation of the thymus to virus-induced lymphopenia

(23). In one study including patients with mature B cell lymphoma

treated with chemotherapy, patients with thymic hyperplasia

showed a faster recovery of sjTREC levels and CD31+ recent

thymic emigrants (RTE) counts than patients with comparable

age, gender, diagnosis, disease stage, thymic volume and output

function at baseline but without thymic hyperplasia; furthermore,

they had a faster repopulation of both naïve CD4+ T cell and

natural regulatory CD4+ T cell subsets than those without thymic

hyperplasia (8). Such observations overall suggest that thymic

hyperplasia reported in these different conditions could be

associated with a renewal of thymopoiesis. In the autoimmune

setting, an increase in thymic size from baseline associated with an
Frontiers in Immunology 05
increase in recent thymic emigrants (TREC+ T cells) was first

detected between 3 and 12 months after AHSCT in patients with

systemic sclerosis (9). Thymic hypertrophy showed an age-

dependent pattern, as it was significantly greater at 1 and 2 years

post-AHSCT in patients aged less than 43 years than in older

patients; nonetheless, TREC+ T cells were increased also in the

latter population, although at a lower extent (9).

In the present case series, thymic hyperplasia was detected in 3/15

MS patients, and 4 further cases showed thymic rebound. All the

patients with thymic hyperplasia were younger than 41 years, but 3 out

of four patients with thymic rebound were older than 45 years. No

associations between thymic hyperplasia and secondary autoimmunity

were detected, although the number of events observed was small, and

associations with response to AHSCT could not be explored as no new

focal inflammatory events were observed after transplant. The

radiological evidence of thymic hyperplasia in this population is

somehow expected based on previous observation of increased

frequency of naïve T cells and recent thymic emigrants in MS

treated with AHSCT, as well as of T cell receptor (TCR) repertoire

renewal compared to pre-treatment, all supporting de-novo

thymopoiesis (24, 25). The timing of thymic hyperplasia observed in

our patients is likely consistent with known dynamics of T cell

maturation within the thymus, considering that (i) about 3 weeks are

required between the entry of a T-cell progenitor into the thymus and

the export of its mature progeny in mice (26), and (ii) TRECs+ T cell

counts in humans increase starting from month 3 after AHSCT (9).
FIGURE 3

Kinetics of repopulation of CD3+ lymphocyte and CD4+ and CD8+ subsets after AHSCT in individual patients stratified according to thymus
appearance on chest CT scan, i.e. hyperplasia (n=3), rebound (n=4) or involution (n=8).
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Nonetheless, evidence of thymic hyperplasia in 20% of patients

from this case series is relevant as it suggests that people with MS

can experience thymus reactivation at a rate similar to people

undergoing chemotherapy for malignancy (6), despite bearing a

prematurely involved thymus (10). This latter phenomenon is

supported by evidence of reduced rates of production of recent

thymic emigrants (27–30) and increased restriction of the TCR

repertoire in MS patients compared to the healthy population (31).

Interestingly, premature thymic involution was speculated to play a

role in MS pathogenesis, as the development of experimental

autoimmune encephalomyelitis correlated with progressive

ultrastructural alterations within the thymus, characterised by

progressive degeneration of both epithelial cells and thymocytes

(32). Premature thymic involution could promote autoimmunity

through an unbalance between thymopoiesis and homeostatic

proliferation favouring the latter, with subsequent increase in the

frequency of potentially autoreactive T cells; furthermore,

accelerated cellular senescence was speculated to contribute to MS

progression (10, 33).

In MS patients, thymic senescence may be further accelerated

by treatment with DMTs, some of which (including alemtuzumab

and fingolimod) have been demonstrated to reduce thymic output

compared to pre-treatment baseline (11), an event that likely

contributes to increased risk for infective complications, especially

in aged MS patients (34). If AHSCT can effectively restore

thymopoiesis in a patient population previously exposed to

several DMTs, like the one described in this paper, it could also

revert patients’ vulnerability to such complications. As a

consequence, restoration of DMTs after AHSCT, when needed,

might be safer than expected in this regard.

The main limitation of this case series is the lack of data on recent

thymic emigrants and TCR repertoire, preventing us from

unequivocally interpreting thymic hyperplasia as an imaging

correlate of immune reconstitution, as it could be triggered by

different events, including COVID-19 and chemotherapy.

Nonetheless, previous studies showed that thymic hyperplasia was

associated with increased thymic function in these conditions (8, 23),

and the association of thymic hyperplasia as detected by chest CT

with immunological markers of recent thymic maturation has

previously been described in the autoimmune setting (9). In

addition, the long-term response to AHSCT (in terms of absence of

new focal inflammatory) activity observed in our patients suggests

that effective renovation of the immune system took place in all the

cases. Other limitations include a potential selection bias, as

indication for CT scan was mostly suspicion of lung infection and

PTLD; however, no associations were observed between thymic

hyperplasia and confirmed lung infections or EBV reactivations,

although this could be due to the small sample size. Lastly, the

heterogeneous timing of CT scans and lack of systematic longitudinal

follow-up might have prevented us from detecting thymic

hyperplasia in some cases.

In conclusion, the present case series provides evidence of thymic

hyperplasia in 20% of MS patients treated with AHSCT, further
Frontiers in Immunology 06
supporting the role of de-novo thymopoiesis as a cornerstone of the

mechanism of action of AHSCT in autoimmune disorders.
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