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Abstract

Background Histiocytic proliferative disorders in the central nervous system are rare, and their potential association
with viral infections remains largely unexplored. This case is relevant because it suggests a potential interaction
between SARS-CoV-2 neuroinvasion and tumor development, providing insights into how viral infections might
influence oncogenesis.

Case presentation A 4.5-month-old male k18-hACE-2 mouse, part of an experimental study of SARS-CoV-2,
displayed a small mass in leptomeningeal area composed by neoplastic round cells. This process is associated
with typical acute inflammatory and neurodegenerative lesions according to viral neuroinvasion. Histopathology
revealed a well-demarcated tumor composed of lymphoblasts and intermixed with abundant histiocytic-like

cells. Immunohistochemistry showed high expression of lba-1 in histiocytes but negative PAX5, CD3 and IRF-4
labeling. Due to the critical role of PAX-5 in maintaining B-cell function, its reduction or inactivation may favor this
loss of identity and differentiation to macrophages, which supports the possibility of a lymphoma undergoing
transdifferentiation into a histiocytic/dendritic cells neoplasm. Additionally, SARS-CoV-2 was detected within the
tumor histiocytes and adjacent neurons, raising questions about potential interactions between viral infection and
tumor development.

Conclusions While the underlying mechanisms remain uncertain, this finding highlights the need for further
investigation into the interplay between SARS-CoV-2 infection and oncogenesis. This case represents the first report
of a primary brain histiocytic lymphoproliferative disorder associated with SARS-CoV-2 in k18-hACE2 mouse.
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Background

Severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) is well known as the causative agent of corona-
virus disease in 2019 (COVID-19). SARS-CoV-2 caused
numerous neurological complications, including head-
ache and anosmia as the most frequent symptoms. How-
ever, more serious complications such as encephalitis,
acute disseminated encephalomyelitis, Guillain-Barré
syndrome, seizures, delirium, dementia-like syndrome
and psychiatric disorders may be observed suggesting
neuroinvasion ability [1]. The importance of the brain
injure in this disease lies in the fact that 36.4% of patients
who died from COVID-19 presented neurological signs
and lesions [2]. Neuroinvasion could be related to the
presence of high levels of ACE2 receptors in the brain
since in humans, it is expressed in the epithelium of kid-
ney, gut, lung, blood vessels and specially, wide present
throughout the central nervous system (CNS) (neurons,
microglia, astrocytes and oligodendrocytes) [3]. The mice
strain used in SARS-CoV-2 studies is the k18-hACE2
mice strain, which expresses the ACE2 gene under the
control of the cytokeratin 18 promoter. This strain dem-
onstrated neuroinvasion and encephalitis following
SARS-CoV-2 infection, associated with high mortality
[4].

Recent studies have indicated that SARS-CoV-2 infec-
tion may influence specific molecular and cellular mech-
anisms involved in cancer initiation and progression,
although this relationship remains under active research
[5]. Additionally, several studies have reported high
severity of SARS-CoV-2 infection in individuals with pre-
existing conditions, particularly hematological malignan-
cies [6]. This raises questions about whether SARS-CoV-2
infection could induce or accelerate oncogenic processes.

Primary central nervous system lymphoma (PCNSL)
is a highly aggressive non-Hodgkin lymphoma located in
CNS, being the 90% of these diffuse large B-cell lympho-
mas (DLBCL) in humans [7]. In fact, the risk of develop-
ing lymphoma is apparently increased in patients with
immune disorders such as human immunodeficiency
virus (HIV) or disease produced by Epstein-Barr virus
(EBV) [8]. Furthermore, the development of tumors, such

Table 1 List and details of antibodies used in the
immunohistochemical study

Antibody Type Host  Dilution Company
Anti-SARS-CoV-2 Monoclonal Mouse  1:100 Thermo
Fisher
Scientific
Anti-lba-1 Polyclonal Rabbit  1:100 Thermo
Fisher
Scientific
Anti-CD3 Polyclonal Rabbit  1:100 DAKO
Anti-PAX5 Monoclonal Rabbit  1:100 Abcam
Anti-IRF-4 Monoclonal Rabbit  1:100 Abcam
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as lymphomas or leukemias in research animal models
can also be associated with retroviruses [9]. Notably, the
presence of B-cell non-Hodgkin lymphomas has been
reported in transgenic (Tg) mice previously infected with
HIV [10].

In this work, we present an unusual finding of a pri-
mary tumor resembling a lymphoma transdifferentiating
into histiocytic/dendritic neoplasm in the leptomeninges
of a k18-hACE2 brain mouse experimentally infected
with SARS-CoV-2. Furthermore, we describe for the first
time the presence of SARS-CoV-2 within tumor histio-
cytes by immunohistochemistry, suggesting a possible
interaction between viral infection and oncogenesis.

Case presentation

A 19-week-old male k18-hACE2 mouse was part of a
SARS-CoV-2 experimental study [11]. The animal arrived
at VISAVET and was challenged with SARS-CoV-2
intranasally (25 pL of 1 x 10* TCID,,) in BSL3 facili-
ties. Afterwards, animals were weighed daily and moni-
tored for clinical signs (loss of weight, hair appearance,
level of activity, eye closure, respiratory and neurologi-
cal signs) [11]. On the 7th day of post-infection (dpi) the
animal was euthanized due to inactivity, closed eyes, and
10% weight loss. Following sacrifice, necropsy and gross
examination were conducted, and tissues were collected
for the assessment of viral loads and histopathology.

The detection and quantification of SARS-CoV-2 loads
from tissues was performed using the CoVID19 dtec RT-
qPCR Test (Genetic PCR Solutions™, Alicante, Spain)
in which SARS-CoV-2 can be detected at least up to 10
copies with a 100% confidence. Viral loads obtained were
1.65 x 10° copies/pl in brain, 1.20 x 10* copies/pl in lungs
and 2.60 x 10? copies/pl in trachea and nasal turbinates.
In addition, the same test was carried out to quantify the
infection inoculum with a result of 1.94 x 10° copies/pL.

Tissues were fixed in 10% neutral formalin (Panreac
AppliChem ITW Reagents, Barcelona, Spain) for 48 h.
The samples were automatically processed, embedded
in paraffin, stained with hematoxylin-eosin (H&E) and
immunohistochemical techniques according to the lab
routine rules [11]. Histopathological and immunohis-
tochemical evaluation was performed on consecutive
sections of the entire brain. Additionally, histology was
performed in all the animal tissues. For immunohisto-
chemistry (IHC), the slides were incubated overnight
at 4 °C with the primary antibodies detailed in Table
1. A spleen from a healthy mouse was used as a posi-
tive control for PAX5 +, CD3 +, Iba-1 + cells. A spleen
from a mouse inoculated with myeloma cells was used
as a positive control for IRF-4 + cells. For negative con-
trols, the primary antibody was omitted and substituted
by tris-buffered saline. After night, secondary antibody
was added (ImmPRESS® VR Horse AntiMouse IGG
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Polymer Kit, Peroxidase; Vector Laboratories, Newark,
California, United States) and incubated for 1 h. For
the revealing process peroxidase was used (ImmPACT*®
NovaRED"Substrate Kit Peroxidase; Vector Laborato-
ries, Newark, California, USA). Finally, samples were
mounted (CTM6 Coverslipper, Thermo Fisher Scientific)
and evaluated for histopathological alterations under a
Leica DM2000 microscope (Leica Microsystems, Wetz-
lar, 162 Germany).

Gross evaluation revealed pulmonary congestion with
mild dark reddish consolidation areas in the cranial
lobes. No other macroscopical alterations were observed
in the rest of the organs. Histopathological analysis dem-
onstrated bronchointerstitial pneumonia, with hyperpla-
sia of type II pneumocytes and bronchiolar epithelium,
along with mild vascular thrombosis and perivascular
oedema. Microscopical examination of the brain revealed
the presence of a focal, well-delimitated, and oval shaped,
leptomeningeal tumor located in the secondary somato-
sensory cortex, within the diencephalic subdivision. Its
location corresponded to the end of the existing corti-
cal region, suggesting the loss of the lateroventral cortex
due to atrophy (Fig. 1A). The tumor measured 1340 pm
in length and 590 um in width and was composed of an
abundant number of mononuclear cells resembling lym-
phoblasts with indented round dense nuclei and a vari-
able amount of cytoplasm. There was a moderate number
of large, atypical lymphocytes with round to oval nuclei,
larger size, and increased amount of cytoplasm, mixed
with abundant histiocytes that exhibited paler staining
with prominent nucleoli (Fig. 1B). Additionally, there was
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a mild to moderate presence of mitotic figures and neo-
vascularization; the tumor was completely encapsulated
by a thin fibroblastic layer (Fig. 1C). No evident histo-
pathological findings were observed in the other organs.
Furthermore, the presence of tumoral structures in the
other organs was discarded, identifying this mass as a pri-
mary CNS neoplasm. The brain exhibited diffuse lesions
typical of an acute SARS-CoV-2 condition, including
meningoencephalitis and neuronal degeneration with
cytoplasmic vacuolization and pyknotic, eccentric nuclei.
White matter tract myelin sheath vacuolation, increased
glial cell proliferation, perivascular lymphocytic cuffs and
vasculitis were also observed. Furthermore, the immu-
nohistochemical study of SARS-CoV-2 revealed a wide-
spread distribution of the virus, mainly inside the body
and cytoplasmic prolongations (axons and dendrites) of
neurons and microglia (Fig. 2).

Comparative immunohistochemical studies were con-
ducted on the tumor (Fig. 3), indicating the presence of
the virus within the cytoplasm of histiocytic-like tumor
cells, primarily located at the periphery, adjacent to the
infected neurons (Fig. 3A). The immunohistochemi-
cal analysis of the tumor revealed a high abundance of
Iba-1 +histiocytes (Fig. 3B), primarily localized at the
periphery, corresponding to the same cells exhibiting
viral immunostaining. The small center of mononuclear
cells resembling lymphocytes, were negative to CD3,
presenting CD3+ T cells exclusively in the perivascular
lymphocytic cuffs within neuroparenchyma (Fig. 3C).
These mononuclear cells were also negative to PAX5

Fig. 1 Histopathological description of a round cell tumor in a mouse brain infected with SARS-CoV-2. A Leptomeningeal tumor located in the secondary
somatosensory cortex (arrowhead) within the diencephalic subdivision. H&E, 1x. Inset: Round cell tumor, ovoid in shape, located in the leptomeninges.
H&E, 10x. B Moderate presence of mononuclear cells compatible with lymphocytes with indented round nuclei and a variable amount of cytoplasm (star).
Large atypical mononuclear cells resembling lymphoblast with round to oval nuclei, larger size, and increased amount of cytoplasm (arrowheads), mixed
with pale stained histiocytes (arrows). H&E, 40x. C Mild to moderate presence of mitotic figures (arrowheads) and neovascularization (star); the tumor is

encapsulated by a thin fibroblastic layer (arrow). H&E, 40x
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Fig. 2 Immunohistochemical detection of viral antigen in a mouse brain infected with SARS-CoV-2. A Neuronal SARS-CoV-2 immunoexpression in
cortical layers IV-V (arrowhead) and hippocampal pyramidal neurons and stratum radiatum (CA1) (arrow). IHC anti-SARS-CoV-2, 4x. B Intracytoplasmic

neuronal SARS-CoV-2 immunoexpression. IHC anti-SARS-CoV-2, 40x

immunoexpression (Fig. 3D); a scarce and insignificant
number of IRF-4 + cells were found at the periphery (Fig.
3E).

Discussion and conclusions

Our pathological analysis uncovers an unexpected lep-
tomeningeal neoplasia in k18-hACE2 mouse associated
with SARS-CoV-2 infection, reporting for the first time
viral tropism in tumor histiocytes. Pathological exami-
nation of the tumor revealed a central area composed
of mononuclear cells, most likely corresponding to lym-
phocytes, displaying variable and atypical size; these cells
were surrounded by abundant Iba-1 + histiocytic cells.
IHC was not able to characterize the lymphocytic con-
stituent of tumor. Although not conclusive, these findings
suggest potential differential diagnoses. Histopathologi-
cal findings may be consistent with histiocyte-rich B-cell
lymphoma (HRBCL); however, this diagnosis is unlikely
due to the negative PAX5 immunoexpression. IRF-4 neg-
ative immunolabeling also discarded multiple myeloma
or plasmacytoma formation. Therefore, the most plau-
sible possibility is a lymphoma undergoing transdif-
ferentiation into a histiocytic/dendritic cells neoplasm
(HDCN). Related to this, previous studies indicated that
PAX5 plays a critical role in maintaining B-cell identity
and function. Thus, its reduction or inactivation can lead
to the loss of distinctiveness, allowing pro-B-cells to re-
acquire the ability to differentiate into macrophages [12],
as has been described in the development of histiocytic
sarcoma (true histiocytic lymphoma), a type of HDCN
[13]. Documented cases of primary brain lymphomas in
mice are relatively rare and typically occur in the context
of experimental models involving prior genetic or immu-
nological manipulation [7, 14]. To our knowledge, no

reports of primary lymphomas in k18-hACE2-mice brain
have been documented. However, a limitation of this
study was the tumor characterization using an immuno-
histochemical panel, as the tumor was in its early stage
and small-sized, limiting the ability to obtain enough
consecutive sections.

The relation between SARS-CoV-2 infection and the
development of the incipient tumor is a key point of
interest in our study. The qPCR and IHC in brain revealed
high viral loads and virus antigen located within the
tumoral histiocytes and their adjacent neurons. This fact
could be due to the virus entering the cells via type I lec-
tin, specifically CD169, independent of the ACE2 recep-
tor [15]. These findings raise the question of whether the
infection may play a specific role in tumor development
or contribute to the progression of a pre-existing tumor.

The etiology of lymphoma and the immunological
mechanisms remain obscure up to now. Some hypothe-
ses suggest that lymphoma may originate from an imbal-
ance between T helper 1 (Thl) and T helper 2 (Th2)
lymphocytes, which favors antibody-dependent immu-
nity [16]. This becomes particularly relevant whether
infection occurs after tumor formation, since Th2/Thl
cytokine imbalance has been associated with a higher
risk of mortality in COVID-19 [17]. This aligns with
studies suggesting that the most common hematological
malignancies diagnosed in patients infected with SARS-
CoV-2 are lymphomas [6]; in particular, patients with
primary DLBCL of the CNS can derive into severe com-
plications after SARS-CoV-2 infection [18]. These data
are consistent with the results obtained in experimental
studies, which have demonstrated the tropism of SARS-
CoV-2 in tumor cell lines derived from hepatoma, glio-
blastoma [19, 20] and metastatic lung cancer [21] in the
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SARS-CoV-2

Fig. 3 Comparative immunohistochemical analysis (SARS-CoV-2, Iba-1, CD20, PAX5, CD3) in a brain tumor mouse infected with SARS-CoV-2. A Moderate
immunoexpression in the tumoral histiocytic cells (arrowhead) and adjacent neurons (arrow). IHC anti-SARS-CoV-2, 10x. Inset: SARS-CoV-2 immunoex-
pression in the histiocytic cells (arrowhead). IHC anti-SARS-CoV-2, 40x. B Intense presence of Iba-1+ histiocytic cells, situated peripherically (arrowheads),
and neuroparenchymal microglia (arrow); IHC anti-Iba-1, 20x. C Absence of CD3+T cells immunoexpression; IHC anti-CD3, 20x. Inset: CD3+T cells im-
munoexpression in the perivascular lymphocytic cuffs; IHC anti-CD3, 40x. D Absence of PAX5+B cells immunoexpression; IHC anti-PAX5, 20x. E Almost

absence of IRF-4 + cells immunoexpression (arrowhead); IHC anti-IRF-4 +, 20x

brain. These findings suggest that infected tumoral cells
may serve as potential viral reservoirs, facilitating viral
transport during metastasis and having direct impact on
cancer growth and outcome [19-21]. Another study on
lung cancer reported that the upregulation of ACE2 may
play a key role in tumor progression, as well as increase

susceptibility to COVID-19 infection in cancer patients
[22]. Given the limitations of our experimental model
due to ACE2 receptor overexpression in k18-hACE2
mice strain, the brain appears most susceptible to post-
SARS-CoV-2 lesions, showing a strong inflammatory
response in animals with high viral loads.
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Inversely, it has been shown that SARS-CoV-2 infection
can predispose to develop DLBCL [23]. One potential
mechanism is the virus-induced upregulation of miR-
155, which alters the cell’s activation. The virus-induced
ongoing inflammation and cytokines may facilitate B-cell
proliferation in these patients [23]. Furthermore, T- [24]
and B-cell lymphomas [25] formation have already been
reported following COVID19 vaccination, as these malig-
nant lymphomas are occasionally associated with chronic
inflammation and continuous stimulation of these T and
B-cells [25]. Thus, COVID19 mRNA vaccines may have
the capability to overstimulate the immune system and
activate an autoimmune response [25]. While instances
of lymphomas have been reported following SARS-
CoV-2 vaccination, it is plausible that similar or even
more pronounced occurrences may arise after SARS-
CoV-2 infection.

In addition to the above, recent studies have demon-
strated a potential connection between SARS-CoV-2
and cancer, similar to what has been observed with other
viruses such as EBV and hepatitis B virus (HBV), which
manipulate tumor suppressor protein p53, promoting
its degradation [26]. In fact, decreased p53 protein lev-
els were observed, both acutely and in long COVID-19
patients, indicating a potential carcinogenic risk [27].
On the other hand, it appears that the antigenic response
to damage-associated molecular pattern (DAMP) and
pathogen-associated molecular pattern (PAMP) are
similar in infectious disease and cancer. These molecules
cause among others a microenvironment of hypoxia that
induces the synthesis of lysyl oxidase (LOX) which pro-
motes the invasion and migration of tumor cells [28].

Given the short, seven-day infection period, it is
unlikely that the virus directly induces tumor formation,
which typically depends on sustained proliferative activ-
ity. However, it is worth noting that proliferation rates in
mice exceed those in human tumors [29]. Even though
factors such as its primary origin, small size, focal and
well-defined location, as well as intense viral presence
in adjacent neurons and histiocytic neoplastic cells that
may suggest a virus-associated inflammatory process, we
cannot exclude the possibility that the tumor developed
spontaneously or was influenced by other underlying
factors.

There is no direct evidence that SARS-CoV-2 causes
neoplasm formation. Notwithstanding, immune altera-
tions and inflammation related to COVID-19 could
contribute to the environment needed for tumor devel-
opment in individuals with other risk factors. This
remains an area of active research, and further long-
term studies are needed to fully understand the potential
implications. This work can serve as a starting point to
demonstrate the interaction between SARS-CoV-2 infec-
tion and neoplasia development.
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Abbreviations
CNS Central nervous system

COVID-19  Coronavirus disease in 2019

DAMP Damage-associated molecular pattern
Dpi Day post-infection

DLBCL Diffuse large B-cell lymphomas

EBV Epstein-Barr virus

H&E Hematoxylin-eosin

HBV Hepatitis B virus

HDCN Histiocytic/dendritic cells neoplasm
HRBCL Histiocyte-rich B-cell lymphoma

HIV Human immunodeficiency virus

IHC Immunohistochemistry

Thi Lymphocytes T helper 1

Th2 Lymphocytes T helper 2

LOX Lysyl oxidase

PAMP Pathogen-associated molecular pattern
PCNSL Primary central nervous system lymphoma

SARS-CoV-2 Severe acute respiratory syndrome coronavirus 2
TCIDg, 50% tissue culture infectious dose
Tg Transgenic

Acknowledgements

Authors would like to thank Marfa del Carmen Jimenez and Marta Dfaz de
Frutos for their excellent technical support. Also, we would like to thank Luis
Enjuanes for kindly providing the SARS-CoV-2 virus.

Authors’ contributions

Conceptualization: NPG, LSM, ARB; Funding acquisition: LD, ARB; Investigation:
NPG, LSM; Methodology: MPS, LD, ARB; Project administration: MPS, LD, ARB;
Resources: LD, ARB; Supervision: LD, ARB; Visualization: NPG; Writing - original
draft: NPG, LSM; and Writing - review & editing: MPS, LD, ARB.

Funding

This research was partially funded by a REACT-European Union grant from the
Comunidad de Madrid to the ANTICIPA project of Complutense University of
Madrid (reference PR38/21). LSM holds a PhD funding (reference CT15/23)
from the Universidad Complutense de Madrid and Banco Santander.

Data availability
Not applicable.

Declarations

Ethics approval and consent to participate

Animal care and procedures were performed by following the guidelines

of good experimental practices according to Directive 2010/63/EU of the
European Parliament and of the Council of 22 September 2010 on the
protection of animals used for scientific purposes (amended by the Regulation
(EU) 2019/1010) and Spanish laws (RD 53/2013). The protocol was approved
by the Community of Madrid Ethics Committee (reference PROEX 180.2/22).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 3 April 2025 / Revised: 4 September 2025 / Accepted: 14 Septem-
ber 2025

Published online: 22 September 2025

References

1. Erickson MA, Rhea EM, Knopp RC, Banks WA. Interactions of SARS-CoV-2 with
the blood-brain barrier. Int J Mol Sci. 2021;22(5):2681.

2. Maol, Jin H,Wang M, HuY, Chen S, He Q et al. Neurologic manifestations of
hospitalized patients with coronavirus disease 2019 in Wuhan, China. JAMA
Neurol. 2020;77(6):683-90.



Porras et al. Laboratory Animal Research

(2025) 41:23

Zubair AS, McAlpine LS, Gardin T, Farhadian S, Kuruvilla DE, Spudich S. Neuro-
pathogenesis and neurologic manifestations of the coronaviruses in the age
of coronavirus disease 2019: a review. JAMA Neurol. 2020;77(8):1018-27.
Carossino M, Kenney D, O'Connell AK, Montanaro P, Tseng AE, Gertje HP, et al.
Fatal neurodissemination and SARS-CoV-2 tropism in K18-hACE2 mice is only
partially dependent on hACE2 expression. Viruses. 2022;14(3):535.
Jahankhani K, Ahangari F, Adcock IM, Mortaz E. Possible cancer-causing
capacity of COVID-19: is SARS-CoV-2 an oncogenic agent? Biochimie.
2023;213:130-8.

Passamonti F, Cattaneo C, Arcaini L, Bruna R, Cavo M, Merli F, et al. Clinical
characteristics and risk factors associated with COVID-19 severity in patients
with haematological malignancies in italy: a retrospective, multicentre,
cohort study. Lancet Haematol. 2020;7(10):e737-45.

Ben Abdelwahed Bagga R, Donnou S, Cosette J, Sautes-Fridman C, Aouni

M, Fisson S. Mouse models of primary central nervous system lympho-

mas: tools for basing funding and therapeutic strategies. J Neurooncol.
2015;121(1):9-18.

Gandhi MK, Hoang T, Law SC, Brosda S, O'Rourke K, Tobin JWD, et al. EBV-
associated primary CNS lymphoma occurring after immunosuppression is a
distinct Immunobiological entity. Blood. 2021;137(11):1468-77.

Ward JM. Lymphomas and leukemias in mice. Exp Toxicol Pathol.
2006,57(5-6):377-81.

Curreli S, Krishnan S, Reitz M, Lunardi-Iskandar Y, Lafferty MK, Garzino-Demo
A, etal. B cell ymphoma in HIV Transgenic mice. Retrovirology. 2013;10:92.
Sanchez-Morales L, Porras N, Garcia-Seco T, Perez-Sancho M, Cruz F, Chinchilla
B, et al. Neuropathological lesions in intravenous BCG-stimulated K18-hACE2
mice challenged with SARS-CoV-2. Vet Res. 2024;55(1):71.

Mikkola I, Heavey B, Horcher M, Busslinger M. Reversion of B cell commitment
upon loss of Pax5 expression. Science. 2002;297(5578):110-3.

Xiao W, Amador C, Cook JR, Czader M, Dave S, Dogan A, et al. B-cell lineage
neoplasms transdifferentiating into histiocytic/dendritic cell neoplasms:
diversity, differentiation lineage, genomic alterations, and therapy: report
from the 2021 SH/EAHP workshop. Am J Clin Pathol. 2023;159(6):522-37.

You H, Wei L, Kaminska B. Emerging insights into origin and pathobiology of
primary central nervous system lymphoma. Cancer Lett. 2021;509:121-9.
Jalloh S, Olejnik J, Berrigan J, Nisa A, Suder EL, Akiyama H, et al. CD169-medi-
ated restrictive SARS-CoV-2 infection of macrophages induces pro-inflamma-
tory responses. PLoS Pathog. 2022;18(10):21010479.

Salmon C, Conus F, Parent ME, Benedetti A, Rousseau MC. Association
between Bacillus Calmette-Guerin vaccination and lymphoma: a population-
based birth cohort study. J Intern Med. 2019;286(5):583-95.

Pavel AB, Glickman JW, Michels JR, Kim-Schulze S, Miller RL, Guttman-Yassky E.
Th2/Th1 cytokine imbalance is associated with higher COVID-19 risk mortal-
ity. Front Genet. 2021;12:706902.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Page 7 of 7

Steffanoni S, Calimeri T, Laurenge A, Fox CP, Soussain C, Grommes C, et al.
Impact of severe acute respiratory syndrome coronavirus-2 infection on

the outcome of primary central nervous system lymphoma treatment:

A study of the international PCNSL collaborative group. Br J Haematol.
2022;199(4):507-19.

Smirnova OA, Ivanova ON, Fedyakina [T, Yusubalieva GM, Baklaushev VP, Yan-
varev DV, et al. SARS-CoV-2 establishes a productive infection in hepatoma
and glioblastoma multiforme cell lines. Cancers (Basel). 2023;15(3):632.
Zeyen T, Friker LL, Paech D, Schaefer N, Weller J, Zschernack V, et al. Transient
MRI changes and neurological deterioration in glioblastoma upon SARS-
CoV-2 infection. J Cancer Res Clin Oncol. 2024;150(9):437.

Valyi-Nagy T, Fredericks B, Wilson J, Shukla SD, Setty S, Slavin KV, et al. Detec-
tion of SARS-CoV-2 RNA by in situ hybridization in lung-cancer cells meta-
static to brain and in adjacent brain parenchyma. Pathogens. 2023;12(6):772.
Gottschalk G, Knox K, Roy A. ACE2: at the crossroad of COVID-19 and lung
cancer. Gene Rep. 2021;23:101077.

Gergely L, Udvardy M, llles A. The possible role of pathogens and chronic
immune stimulation in the development of diffuse large B-cell lymphoma.
Biomedicines. 2024;12(3):648.

Goldman S, Bron D, Tousseyn T, Vierasu |, Dewispelaere L, Heimann P, et

al. Rapid progression of angioimmunoblastic T cell lymphoma following
BNT162b2 mRNA vaccine booster shot: a case report. Front Med (Lausanne).
2021;8:798095.

Sekizawa A, Hashimoto K, Kobayashi S, Kozono S, Kobayashi T, Kawamura Y,
et al. Rapid progression of marginal zone B-cell lymphoma after COVID-19
vaccination (BNT162b2): A case report. Front Med (Lausanne). 2022;9:963393.
Cardozo CM, Hainaut P. Viral strategies for circumventing p53: the case

of severe acute respiratory syndrome coronavirus. Curr Opin Oncol.
2021;33(2):149-58.

Gomez-Carballa A, Martinon-Torres F, Salas A. Is SARS-CoV-2 an oncogenic
virus? J Infect. 2022;85(5):573-607.

Ogarek N, Oboza P, Olszanecka-Glinianowicz M, Kocelak P. SARS-CoV-2 infec-
tion as a potential risk factor for the development of cancer. Front Mol Biosci.
2023;10:1260776.

Mitchison TJ. The proliferation rate paradox in antimitotic chemotherapy. Mol
Biol Cell. 2012;23(1):1-6.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿Primary leptomeningeal histiocytic lymphoproliferative disorder associated with SARS-CoV-2 brain infection in k18-hACE2 mouse: a case report
	﻿Abstract
	﻿Background
	﻿Case presentation
	﻿Discussion and conclusions
	﻿References


