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During the investigation of muscle injury and regeneration in neutrophil-

deficient mice, we observed unexpected changes in the cellular composition of

tissue-infiltrating inflammatory cells. Neutrophil deficiency led to reduced

macrophage infiltration and a striking increase in nonconventional CD4
�

CD8� (double-negative) ab and cd T cell numbers, peaking at Day 3 postin-

jury. In exploring the underlying mechanisms, we identified previously unrec-

ognized cellular and tissue alterations, including bone marrow erythroid

insufficiency and compensatory extramedullary hematopoiesis accompanied

by splenomegaly. Using a thioglycolate-induced peritonitis model, we further

demonstrated that elevated T-cell numbers reflect a general inflammatory

response in neutrophil-deficient mice. Our findings suggest that this model

provides a valuable platform for investigating the properties and functions of

rare nonconventional T cells in tissue injury and diverse inflammatory

conditions.
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Impact statement

Our studies demonstrate that neutrophil-deficient mice may provide a

valuable model for investigating the roles and characteristics of

non-conventional T cells in tissue inflammation and repair.

Genetically modified mice are commonly used for

research, frequently serving as animal models of

human diseases. The versatility and precision of these

models make them invaluable in biomedical research

and the ongoing quest to improve human health. Con-

ditional gene knockout models in mice are advanced
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CTX, cardiotoxin 1; DAMP, damage-associated molecular pattern; DN, double-negative; Mcl1, the gene of the “Induced myeloid leukemia

cell differentiation” anti-apoptotic protein; Mcl1DMyelo, The myeloid cell type-specific inactivation of the Mcl1 gene (Lyz2Cre/CreMcl1flox/flox
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genetic tools that can be used to selectively inactivate

specific genes in particular tissues or at designated

times during development. This approach minimizes

unintended effects on other tissues and enables the

study of gene functions in specific biological contexts.

It is particularly valuable for investigating human dis-

eases and enables the targeted elimination of specific

cell types characterized by particular gene expressions

without adversely affecting embryonic development.

Consequently, researchers can investigate gene func-

tions in defined tissues at specific developmental

stages, minimizing the risk of embryonic lethality com-

monly associated with traditional gene knockout

methods. The most commonly used technique is the

Cre-loxP recombination system [1].

The Cre-loxP recombination system can be used to

induce the selective depletion of the anti-apoptotic

Mcl1 gene. Neutrophils express several pro-apoptotic

members of the Bcl-2 family (such as Bax, Bad, Bak,

Bid and Bik), and only a few anti-apoptotic proteins,

such as Mcl-1 and A1 [2]. Mcl1 is essential for the sur-

vival of neutrophil granulocytes [2]. The Lyz2 (also

known as LysM) gene promoter-driven expression of

the Cre recombinase excises the loxP sequence-flanked

(floxed) gene regions of the Mcl1 gene in cells that

exhibit active lysozyme 2 expression. This process

severely affects developing neutrophil granulocyte pre-

cursors after they begin synthesizing and storing lyso-

zyme [2]. It induces severe neutropenia in homozygous

Lyz2Cre/CreMcl1flox/flox mice without directly affecting

other immune cells and with mostly normal survival

and fertility under conventional conditions [2,3]. Such

mice are referred to in the literature as Mcl-1�/� or

Mcl1DMyelo genotype mice [2,3]. We use the latter

term in this article to refer to them (see also in Mate-

rials and Methods).

Neutrophil granulocytes undoubtedly play a crucial

role in eliminating extracellular microorganisms [4];

besides, in recent decades, several additional roles of

this cell type have begun to accumulate [5]. Through

cell–cell interactions or by secreting cytokines, chemo-

kines, or other factors, neutrophils can modulate the

activation of several cell types [6–9]. The manner of

their death also influences the function of different leu-

kocytes in the affected tissue [10], as the cell types par-

ticipating in their removal (e.g., macrophages) can

significantly impact the fate of the affected tissue,

involving remodeling and repair. Neutrophils can

even have immunomodulatory effects on T- and

B-lymphocytes [11,12].

We aimed to investigate the role of neutrophil gran-

ulocytes in muscle injury, the associated inflammation,

and regeneration process by the help of Mcl1DMyelo

mice. Tissue injuries and regeneration are strongly

influenced by the immune system through the inflam-

matory and the subsequent resolving process [13,14].

Muscle injury in mice can be rapidly resolved due to

its remarkable regenerative capacity [15]. One of the

most widely used muscle injury models involves inject-

ing Cobra (Naja sp.) venom component cardiotoxin 1

(CTX) into the tibialis anterior (TA) muscle of mice

[16]. Intramuscular injection of CTX induces acute

muscle fiber necrosis, resulting in rapid recruitment of

inflammatory cells and culminating in inflammation.

Neutrophils are the first cell type to arrive in

inflamed tissue from the circulation. In cases of injury

or infection, they can be attracted directly by chemo-

tactic materials (including DAMPs, alarmins) released

from necrotic tissues [17–19]. Tissue sentinel cells (e.g.,

tissue-resident macrophages, mast cells, innate lym-

phoid cells) can also be activated by these materials

and subsequently produce neutrophil-attracting che-

mokines [20]. In inflamed tissue, neutrophils secrete

chemokines and pro-inflammatory cytokines to recruit

blood-derived monocytes [21]. Immigrating monocytes

differentiate into Ly6C++ inflammatory monocytoid

macrophages in injured tissue. These inflammatory

cells produce inflammatory cytokines (e.g., TNF)

that activate muscle stem cells (satellite cells) [22] in

the injured muscle to proliferate and become myo-

blasts [23,24].

Neutrophil granulocytes can have both

regeneration-prone and regeneration-delaying effects in

sterile tissue injuries [25,26]. They influence these pro-

cesses directly or indirectly. They can start to clear

away necrotic tissue debris. In large numbers, they can

confer high arginase activity, which can modulate even

the function of T cells [27]. Later, they die by apopto-

sis. The decreased amount of necrotic debris and the

large number of apoptotic neutrophils induce a switch

in the differentiation program of the immigrating

Ly6C++ inflammatory macrophages during the effero-

cytosis process. The appearing reprogrammed F4/80+

Ly6Clow macrophages have resolving functions [28,29].

They can support the reparative phase of myogenesis

following the initial proliferative phase by producing

anti-inflammatory cytokines [30], influencing other tis-

sue precursor cells—such as fibro-adipogenic precursor

(FAP) cells—or secreting other bioactive materials that

induce the formation of myofibers from myoblasts or

mediate tissue revascularization [31].

We used CTX-induced injury as a model to compare

the cellular events of the inflammation process between

wild-type (WT) and neutrophil granulocyte-deficient

Mcl1DMyelo mice. Our results shed light on unex-

pected effects of neutrophil depletion in tissue
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inflammation and injury. Specifically, we found that

the absence of neutrophils increases the number of

T cells in injured, inflamed tissues.

Materials and methods

Mice

The Mcl1DMyelo mouse strain was kindly provided by Attila

M�ocsai (A.M.), Department of Physiology, Faculty of

Medicine, Semmelweis University, Budapest, Hungary.

Maintenance of the mouse colonies and animal husbandry

were conducted at the Laboratory Animal Facility, Life

Science Building, University of Debrecen, Hungary. All

animal experiments were performed in accordance with

Hungarian and European regulations approved by the Ani-

mal Care and Use Committee of the University of Debre-

cen (DEM�AB) with permission number 16/2019/DEM�AB.

We aimed to compare an equal number of animals from

different age groups, ensuring equal representation of both

sexes in each experimental group. Neutrophil granulocyte-

deficient Lyz2Cre/Cre Mcl1flox/flox mice, also known as

Lyz2tm1(cre)Ifo/tm1(cre)IfoMcl1tm1Ywh/tm1Ywh and referred to

as Mcl1DMyelo mice, aged 2–4 months and on a C57BL/6

genetic background, were used in the experiments. These

mice were bred under specific pathogen-free conditions

[2,3]. For comparison, both nonfloxed (Lyz2Cre/Cre Mcl1+/+)

and heterozygous variants (Lyz2Cre/Cre Mcl1flox/+) could

serve as WT controls [2,3]. Since these mice can be bred in

both homozygous and heterozygous forms, their genotypes

were determined using allele-specific PCR (see in Support-

ing Information section, Supplementary Materials and

Methods, Fig. S1).

Genotyping

Total DNA was extracted from tissue samples obtained via

tail biopsy or toe clipping [32]. The tissues were digested by

incubation for 1 h at 98 °C in 25 mM NaOH, 0.2 mM

EDTA solution. The digested samples were neutralized and

centrifuged in 41 mM TRIS–HCl for 5 min in a microcen-

trifuge at 1500 RCF (~4000 rpm in micro centrifuge with

85 mm rotor). The supernatants, containing the extracted

DNA, were collected after centrifugation. The samples can

be stored at 4 °C or at �20 °C for longer periods.

PCR primers were ordered from Integrated DNA Tech-

nologies Inc., Coralville, Iowa, USA (https://eu.idtdna.

com/—last accessed July 2025). The PCR master mix was

prepared with the following components: nuclease-free water

(Thermo-Fisher Scientific, Waltham, MA, USA, Cat. No.

R0581), 109 Taq buffer with KCl (Thermo-Fisher Scientific,

Cat. No. B38), 20 lM Forward primer (Mcl1 flox fw.

sequence 50 GGT TCC CTG TCT CCT TAC TTA CTG

TAG 30), 20 lM Reverse primer (Mcl1 flox rev. sequence 50

CTC CTA ACC ACT GTT CCT GAC ATC C 30), 25 mM

MgCl2 (Thermo-Fisher Scientific, Cat. No. R0971), 2,5 mM

dNTP (Thermo-Fisher Scientific, Cat. No. R0181), 5 U�lL�1

Taq polymerase (Thermo-Fisher Scientific, Cat. No.

EP0402), and the extracted DNA. PCR protocol: 95 °C for

2 min; 35 cycles of: 94 °C for 1 min, 60 °C for 1 min, 72 °C
for 1 min; final extension step: 72 °C for 5 min. Samples can

be stored at 4 °C. DNA fragments were separated by electro-

phoresis in a 1.5% agarose gel supplemented with ethidium

bromide. A band at 250 base pairs (bp) denotes an Mcl1 +/+
WT mouse, a band at 357 bp denotes an Mcl1DMyelo

mouse, and bands at both 250 and 357 bp indicate an Mcl1

flox/+ heterozygous mouse (Supporting Information section,

Supplementary Materials and Methods, Fig. S1). The PCRs

were performed on a Hybaid PCR Express Thermal Cycler

(Thermo Electron Corporation/Thermo Fisher Scientific).

The gels were documented using Azure C300 Gel Imager

(Azure Biosystems, Dublin, CA, USA).

Cardiotoxin-induced sterile inflammation and

tissue processing

Sterile muscle inflammation was induced by injecting 50 lL
of 12 lM cardiotoxin (CTX) (Latoxan, Portes-l�es-Valence,

France, Cat. No. L8102-1MG) into both the left and right

tibialis anterior (TA) muscles of each examined mouse.

Inflamed tissues were isolated and processed at different

times after injection, based on the protocol of Guardiola

et al. [33]. Cell suspensions were prepared by digestion of

muscles with collagenase B (Sigma Aldrich, St. Louis, MO,

USA, Cat. No. C6885-1G). The suspensions were then

purified by filtration through 100 lm and 40 lm cell

strainers (PluriSelect, Leipzig, Germany, Cat. No. 43-

50 040-51 and 43-50 100-51). The cell suspensions were

analyzed by flow cytometry.

Histology

For histological analysis of the spleen, mice were anesthe-

tized with avertin, then transcardially perfused via the left

ventricle with a phosphate-buffer solution for 5 min. After

this, mice were perfused with 4% paraformaldehyde (PFA)

solution in phosphate buffer [34]. The spleens were

removed, dehydrated using a series of alcohol solutions,

and embedded in paraffin. Sections of 2 lm, 5 lm, 7 lm,

and 10 lm thickness were prepared to analyze the spleen’s

structure. Hematoxylin–eosin and May–Gr€unwald–Giemsa

stains were performed for morphological and cellular stud-

ies. 3DHistech PANNORAMIC 1000 scanner was used to

scan stained sections, which were then analyzed using

3DHISTECH’s QuantCenter 2.3 image analysis platform.

Scans were performed with a 40x objective. In the case of

May–Gr€unwald–Giemsa-stained images, the intensity of the

red channel in the RGB color space was increased to

enhance the visibility of the cytoplasm of the cells.
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Flow cytometry analysis

Cell suspensions obtained from different tissues were pre-

pared for flow cytometry analysis. The samples were

divided into small aliquots according to the number of

stainings. To calculate absolute cell counts, a known num-

ber of polystyrene micro particles (8 lm, Sigma Aldrich,

Cat. No. 78511) were added to each freshly prepared sam-

ple stock before aliquoting. Cells were washed with “FACS

buffer” (PBS—pH 7,2—supplemented with 0.5% BSA,

0.05% sodium azide, and 2 mM EDTA) and centrifuged at

500 g for 3 min. The wash buffer was aspirated and dis-

carded. The cells in residual volume (50 lL) were incubated

with TruStain FcX PLUS anti-mouse CD16/32 (BioLe-

gend, San Diego, CA, USA, Cat. No. 156604) and

heat-inactivated normal rat serum (Invitrogen, Carlsbad,

CA, USA, Cat. No. 10710C) for blocking, followed by the

addition of pre-prepared antibody cocktails. Incubation

was performed for 30 min on ice in the dark. After the

incubation, the cells were washed again. Measurements

were performed using ACEA NovoCyte 2000R flow cyt-

ometer or BD FACSAria III Cell Sorter or Beckman Coul-

ter CytoFLEX SRT Cell Sorter. Data were analyzed with

the FlowJo software (Tree Star/Becton Dickinson, New

Jersey, NJ, USA). Monoclonal antibodies for the staining

cocktails were pretitrated on normal mouse spleen or bone

marrow cells. A detailed list of antibodies and their catalog

numbers can be found at the beginning of the Supplemen-

tary Materials and Methods, see in Supporting Information

section. At least 50 000–100 000 leukocytes (CD45+) were

measured per tube for analysis.

SYTO16 green fluorescent cell-permeant nucleic acid

stain (S7578, Invitrogen) was applied for staining nucleated

erythrocytes and reticulocytes as suggested by the manufac-

turer (~1:5000 dilution in Ca2+-free physiological saline

buffer). Cell nonpermeant “viability” dyes were obtained

from Thermo-Fisher Scientific: SytoxAAD (Cat. No.

S10349) or 7-AAD (Cat. No. A1310).

Where “positive” and “negative” populations could not

be clearly distinguished, fluorescence minus one (FMO)

controls were used to fit the gates of interests or draw pop-

ulation boundaries.

The names of the axes and their numerical values on the

original flow cytometric plots were rather small; therefore,

they were overwritten with larger, more visible text on the

result figures. The visible scaling marks were kept to show

the same axis scaling for comparison purposes.

Determination and interpretation of the absolute

cell count within the examined samples

Absolute cell numbers were determined from flow cyto-

metric measurements with the help of polystyrene micro-

particles (“counting beads”) (8 lm, Sigma Aldrich, Cat.

No. 78511), which exhibit characteristically high side

scatter (SSC) and uniformly low forward scatter (FSC)

(Supporting Information section, Supplementary Materials

and Methods, Fig. S2). The number of beads was predeter-

mined by microscopic particle counting using a B€urker

chamber. A known number of “counting beads” as added

to the sample stocks. The measured cell count was com-

pared with the measured bead count, and the original abso-

lute cell number from the starting sample was calculated

based on their ratio. 4.5 9 105 beads were added to the

freshly prepared TA muscle cell suspensions from both

the left and right sides of the animals. The freshly prepared

bone marrow cell suspensions from the left and right femo-

ral bones, as well as the freshly prepared spleen cell suspen-

sions, were supplemented with the same number of

counting beads. Blood leukocyte absolute counts were

determined from 100 lL blood of the animals in a similar

manner, following erythrocyte lysis. The only exception

was the determination of mature erythrocyte counts in

blood samples, for which 1 9 106 beads were added to

10 lL blood sample to ensure a sufficiently high bead

count for accurate erythrocyte calculation.

Blood, bone, spleen, and lymphoid tissue

processing for cell characterization

Preparation of cell suspensions from bone marrow, spleen,

and blood followed routine protocols previously described

by other researchers [35,36]. Briefly, bone marrow cells

were obtained from isolated femoral and tibial bones by

cutting the epiphyseal region and flushing it through with

sterile, ice-cold PBS buffer.

A rapid bone marrow isolation technique was used,

involving small (200 lL) capped tubes punctured at the

bottom with a fine syringe needle. The epiphyses of

the femoral bones were superficially cut at both ends to

expose the marrow, and the bones were placed inside the

punctured tubes. These tubes—containing the bones—were

inserted into larger (1.5 mL) snap-cap tubes and spun in a

microcentrifuge. The centrifuge speed was rapidly increased

(~10 s) to a maximum of ~13 000 rpm (~16 000 rcf), then

allowed to decelerate. The bone marrow pellet was col-

lected from the bottom of the 1.5-mL snap-cap tubes.

Spleen cells were obtained by crushing the tissue with a

sterile plastic syringe piston in petri dishes. Cell suspensions

were then filtered through 100-lm cell strainers to remove

tissue clumps, followed by washing and centrifugation.

Blood samples were collected from the orbital sinus or

via cardiac puncture [37]. Cellular components were ana-

lyzed by flow cytometry.

Macro photographs of the mouse spleens and bones

were taken with a Redmi Note 6 smartphone. Only bright-

ness and contrast were adjusted to enhance existing color

differences between samples, using the open source image

editor GIMP 2.10 (https://gimp.org/—last accessed July

2025).

2647FEBS Letters 599 (2025) 2644–2662 ª 2025 The Author(s). FEBS Letters published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

H. Hal�asz et al. Atypical T Cells in Neutrophil-Deficient Mice

 18733468, 2025, 18, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1002/1873-3468.70126 by U

niversity O
f D

ebrecen, W
iley O

nline L
ibrary on [10/02/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://gimp.org/


Thioglycolate medium-induced peritonitis model

Peritonitis induction followed the protocol described by

Lidia et al. [38]. Briefly, peritonitis was induced in mice

by intraperitoneal injection of 0.5 mL autoclaved, “aged”

(at least 2 months old), 4% thioglycolate medium (Sigma

Aldrich, St. Louis, USA, Cat. No. B2551).

On Days 1 and 3 posttreatment, mice were sacrificed and

the peritoneum was flushed three times with 8 mL ice-cold

phosphate buffer supplemented with 0.5% BSA and 2 mM

EDTA. Between flushes, the syringe was attached and

detached from the needle without removing the needle from

the peritoneum.

The first injected buffer contained a known number of

microparticles (4.5 9 105 beads) to facilitate later absolute

cell number determination. The collected buffer, containing

cells and beads, was centrifuged and prepared for flow

cytometry.

Quantitative determination of serum

inflammatory cytokine concentrations by

sandwich ELISA

Blood samples were collected from WT and Mcl1DMyelo

mice, and serum was obtained by centrifugation. Samples

were stored at �20 °C. The concentration of Serum Amy-

loid P Component (SAP) was determined using the Mouse

Pentraxin 2/SAP Immunoassay kit (R&D Systems, Minne-

apolis, MN, USA, Cat. No. MPTX20). CXCL1 levels were

measured using the Duoset Mouse CXCL1/KC ELISA kit

(R&D Systems, Minneapolis, MN, USA, Cat. No. DY453-

5). The assay was performed according to the manufac-

turer’s instructions. Samples were diluted 1:200 for SAP

measurements and 1:2 for CXCL1 measurements. Optical

density was measured at 450 nm using the Synergy HT

ELISA Reader, and results were analyzed using Microsoft

Excel.

Statistical analysis and data representation

Data analysis was performed using Microsoft Excel and

SigmaStat software. Student’s t-test was applied for data

set comparisons, except when the SigmaStat software

recommended an alternative test (e.g., Mann–Whitney U

test when the normality test failed).

The GraphPad Prism 6 software was used for data visu-

alization. Error bars in figures represent standard devia-

tions (SD). At least three independent experiments were

included in the statistical analyses. Individual data points

from independent experiments are represented as circular

dots in the bar charts, each corresponding to an examined

mouse.

Statistical significance was set at P < 0.05. Significance

markers were assigned as follows: *P < 0.05; **P < 0.01;

***P < 0.001.

Results

Leukocytes in the injured muscle tissue

We examined the leukocyte populations in the pro-

cessed, injured muscle tissue of Mcl1DMyelo mice and

their WT counterparts using flow cytometry. In the

absence of injury, the healthy tibialis anterior (TA)

muscle of the mice contains only a few thousand

CD45+ leukocytes. Approximately half of these are

CD11b+ (also known as Mac-1) myeloid cells, while

the other half are small, non-granulated,

CD11b-negative lymphocyte-like cells based on their

light scatter properties (data not shown).

We assessed leukocyte numbers in the injured TA

muscles at different time points following CTX injec-

tion, comparing the differences between WT and

Mcl1DMyelo mice. The TA muscles were isolated from

the injured mice and processed into cell suspensions.

The cellular composition of these samples was then

evaluated by flow cytometry after staining with various

cell-specific, fluorescence-labeled monoclonal anti-

bodies (Fig. 1B,D). As the Gr-1 antibody (clone RB6-

8C5) recognizes Ly6G and cross-reacts with Ly6C

molecules [39–41], a direct Ly6G specific monoclonal

antibody (clone 1A8) was used to detect neutrophil

granulocytes. Representative images of the cytometric

measurements and gating strategies can be found in

the Supplemetary Materials and Methods (Fig. S1),

see in Supporting Information section.

The successful induction of tissue injury and inflam-

mation was confirmed by the presence of a large num-

ber of neutrophil granulocytes in WT animals.

Notable differences in the numbers of immigrating

CD11b+ Ly6G+ neutrophil granulocytes were observed

one day after muscle injury initiation, persisting on

Day 2 postinjury (p.i.) (Fig. 1B,C). The neutrophil

count in injured muscle of WT animals sharply

decreased by Day 3 (Fig. 1C). The near absence of

neutrophils in Mcl1DMyelo mice likely contributed to

the lower total leukocyte count in their tissue on Day

1 postinjury, as seen in comparisons of CD45+ leuko-

cyte numbers with those of WT mice (Fig. 1A).

We also monitored the appearance of CD11b+

Ly6Gnegative, Siglec-Fnegative monocytoid cells in injured

muscles (Fig. 1B). These cells were identified as two dis-

tinct populations: Ly6C++ F4/80low monocytoid cells and

Ly6Clow F4/80+ macrophage-like cells, as shown in the

gating strategy (Fig. 1D). Significant differences were

observed in the number of CD11b+ Ly6C++ immigrating

monocytoid macrophages. The Mcl1DMyelo mice had

fewer of these cells in inflamed muscle tissue compared to

WT counterparts on Days 1 and 2 postinjury (Fig. 1F).
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Additionally, Mcl1DMyelo mice exhibited lower numbers

of CD11b+ F4/80+ Ly6Clow macrophages on Day 3 post-

injury compared to WT animals (Fig. 1G). In contrast to

other measured myeloid cell types, eosinophil granulocyte

numbers were elevated in injured muscles of Mcl1DMyelo

mice, particularly from Day 3 postinjury. However, the

significance of these differences was above the generally

accepted probability threshold (Fig. 1B,E).

Elevated T-cell numbers in the injured muscle of

Mcl1DMyelo animals

On Day 3 postinjury, the CD45+ leukocyte count was

similar in the muscles of both the Mcl1DMyelo and

WT mouse strains (Fig. 1A). However, discrepancies

were observed between the measured myeloid cell

numbers and the CD45+ leukocyte counts. Unexpected

differences in T-cell numbers were found between WT

and Mcl1DMyelo mice by flow cytometry (Fig. 2).

Compared to WT mice, a significantly elevated num-

ber of T cells was counted in the injured muscle sam-

ples of neutrophil-deficient Mcl1DMyelo mice at all

time points examined (Fig. 2). T cells from the injured

muscle tissue were identified based on the expression

of CD45, CD90, and CD3 molecules with multicolor

flow cytometry. CD90 (Thy-1) is expressed by virtually

all T cells and is therefore considered a pan-T-cell

marker in mice [42]. Using CD90 staining helps to

Fig. 1. Comparison of different leukocyte population numbers between WT and Mcl1DMyelo mice in injured muscles. (A) Comparison of

the number of living CD45+ leukocytes at the indicated time points postinjury. (B) Representative flow cytometric measurements and gating

strategy of living CD45+ CD11b+ Siglec-F+ cells (eosinophils) and living CD45+ CD11b+ Ly6G+ cells (neutrophils) at day 1 post-injury. (C)

Comparison of neutrophil granulocyte numbers at Days 1, 2, and 3 postinjury. (D) Flow cytometric measurements of living CD45+ CD11b+

Siglec-F� Ly6G� macrophage populations at Day 3 postinjury. (E) Comparison of the eosinophil granulocyte numbers at Days 1, 2, 3, and 7

postinjury. (F) Comparison of the Ly6C++ CD11b+ monocytoid macrophage numbers at the indicated time points postinjury. (G) Comparison

of F4/80+ Ly6Clow CD11b+ macrophage numbers at the indicated time points postinjury. Black bars indicate wild-type (WT) mice, and gray

bars indicate Mcl1DMyelo mice, as specified. Individual data points, representing sample size per group, are depicted as small circles. Bars

display group means, with error bars denoting standard deviation (SD). Statistical significance is indicated as follows: P < 0.05 (*), P < 0.01

(**), P < 0.001 (***).
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“shift” the weakly CD3-labeled T-cell population away

from nonstained but autofluorescent cells on

CD90/CD3 plots, making the identification of T cells

clearer and more accurate (See measurement details in

Supplementary Materials and Methods, Fig. S4, in

Supporting Information section).

The T-cell population can be divided into two sepa-

rate groups: the TCRb+ (and TCRcd�) population

representing alpha-beta (ab) T cells, and the other

TCRcd+ (and TCRb�) population representing

gamma-delta (cd) T cells (Fig. 2A). We observed an

elevated number of both ab and cd T cells in the

injured muscle samples of neutrophil-deficient

Mcl1DMyelo mice.

Differences between WT and Mcl1DMyelo animals

were noticeable as early as Day 1 p.i., reaching bor-

derline significance (P = 0.055 for ab T cells, and

P = 0.053 for cd T cells). T cell numbers peaked

around Day 3 p.i., with more than a tenfold increase

in T-cell count in the injured muscles of Mcl1DMyelo

mice. These differences were highly significant at this

time point (Fig. 2B,C). A difference in T-cell numbers

was still observable at Day 7 p.i. The ratio of the cd
T cells was elevated in injured tissue in both WT and

Mcl1DMyelo mice compared to normal levels in

blood circulation, with cd T cell numbers approach-

ing those of ab T cells in the injured muscle tissues

(Fig. 2C).

Multicolor staining of muscle tissue cells on Day 3

postinjury revealed, on a two-parameter CD3 versus

TCRb plot, that the T cells are clearly heterogeneous

(Fig. 3, upper panels). This heterogeneity is especially

prominent in Mcl1DMyelo mice. Above the TCRb
negative cd T-cell population, two ab T cell popula-

tions are visible: one with higher TCRb chain expres-

sion but lower CD3 expression (TCRbhighCD3+), and

Fig. 2. T cells in injured muscle tissues of WT and Mcl1DMyelo mice. Flow cytometry of CD45+ CD90+ CD3+ T cells. (A) Representative

flow cytometric measurements of living ab and cd T cells at Day 3 postinjury in WT and Mcl1DMyelo mice. (B) Living CD3+ T cell numbers

in injured tissues of WT and Mcl1DMyelo mice at the indicated time points postinjury. (C) Number of ab and cd T cell subpopulations at the

indicated time points postinjury in the injured tissues. Black bars indicate wild-type (WT) mice, and gray bars indicate Mcl1DMyelo mice, as

specified. Individual data points, representing sample size per group, are depicted as small circles. Bars display group means, with error

bars denoting standard deviation (SD). Statistical significance is indicated as follows: P < 0.01 (**).
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another with slightly lower TCRb expression but

higher CD3 expression (TCRb+CD3high).

Further analysis of the ab T-cell composition in

injured muscles revealed the presence of both CD4+

and CD8+ T cells. Surprisingly, a considerable number

of non-conventional double-negative (CD4– CD8–,

DN) ab T cells were also present in the injured muscle

samples (Fig. 3, lower panels). This DN ab T cell pop-

ulation is particularly prominent in Mcl1DMyelo mice.

Backgating these CD4+, CD8+, and DN subsets of

the ab T cells onto the CD3/TCRb plot demonstrated

that the TCRb+ CD3high population consists mainly of

DN T cells, while the remaining DN T cells co-localize

with CD4+ and CD8+ T cells in the TCRbhigh CD3+

population. This indicates that the DN ab T cell com-

partment itself is heterogeneous (Supplementary Mate-

rials and Methods, Fig. S5, in Supporting Information

section). Further analysis of the flow cytometry data

using alternative gating strategies confirmed the pres-

ence of double-negative (DN) ab T cells within T-cell

populations exhibiting varying levels of CD3 expres-

sion (Supplementary Materials and Methods, Figs S6,

S7, in Supporting Information section).

General differences between WT and

Mcl1DMyelo mice

We aimed to determine the cause of the remarkable

differences in T-cell numbers observed in injured

muscles of WT and Mcl1DMyelo mice. After consider-

ing previously described alterations [2,3], we examined

various previously uncharacterized properties of the

Mcl1Dmyelo mice.

Since infections or inflammatory conditions can

influence various cell types and different components

of the immune system, we searched for traces of preex-

isting inflammation in Mcl1DMyelo mice. Using a

sandwich ELISA method, we detected an increased

concentration of serum amyloid P component (SAP)

in the sera of Mcl1DMyelo mice (Fig. 4A). SAP

belongs to the pentraxin family and is one of the

major positive acute-phase proteins in mice [43]. Addi-

tionally, the serum CXCL1 concentration was signifi-

cantly higher in Mcl1DMyelo mice compared to WT

mice (Fig. 4B). CXCL1 is considered one of the pri-

mary neutrophil-attracting IL-8 analogs in mice [44].

We measured several additional inflammation-

related cytokines and chemokines, but we did not

detect differences in the low serum concentrations of

IL-1b, IL-6, and CXCL2 between Mcl1DMyelo and

WT mice. The examined CCL3 and CCL4 concentra-

tions were below the detection threshold (data not

shown).

We also compared the body weight of WT and

Mcl1DMyelo mice. We measured an equal number of

male and female animals within the same age groups

(10 and 14 week old animals). Mcl1DMyelo mice have

slightly, yet significantly lower body weight compared

Fig. 3. T cells in injured muscle tissues of WT (left) and Mcl1DMyelo mice (right) at Day 3 postinjury. Representative multicolor flow

cytometry of CD45+, CD90+, CD3+ T cells. The ab T cell populations comprise CD4+, CD8+, and double-negative (DN) subpopulations,

whereas cd T cells are double-negative in both WT and Mcl1DMyelo mice.
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to their WT counterparts (Fig. 4C), which was also

mentioned elsewhere [3].

Altered cellular composition in the bone marrow

of Mcl1DMyelo mice

We observed visible color differences in the femoral

and tibial bones between WT and Mcl1DMyelo mice

(Fig. 5A). The bones of Mcl1DMyelo mice appeared

paler compared to those of WT animals. This color

difference could indicate alterations in either the vol-

ume or composition of the bone marrow. Indeed, after

isolating the bone marrow from the femoral bones of

WT and Mcl1DMyelo mice, we observed color differ-

ences, but no obvious difference in the volume of the

isolated bone marrow samples (Fig. 5B).

We presumed that the discrepancy in T-cell numbers

might be linked to altered lymphoid cell development

in Mcl1DMyelo mice. To clarify this, we investigated

the cellular composition of the bone marrow from sev-

eral WT and Mcl1DMyelo mice using flow cytometry

(Fig. 6). The number of CD45+ leukocytes was signifi-

cantly lower in Mcl1DMyelo mice than in WT controls

(P = 0.023) (Fig. 6A).

After cytometric staining, we identified and quanti-

fied the number of common lymphoid precursor cells

(CLP) and common myeloid precursor cells (CMP)

using a well-established protocol that involves several

stem cell-associated markers (Supplementary Mate-

rials and Methods, Fig. S8, in Supporting Informa-

tion section) [45–47]. We did not detect significant

differences in the number of these precursor cells in

the bone marrow of WT and Mcl1DMyelo mice

(Fig. 6B).

As expected in the Mcl1DMyelo mouse model, there

was a major difference in neutrophil granulocyte devel-

opment. The bone marrow of WT animals contained a

significantly larger number of conventional CD11b+

Fig. 4. (A) Serum amyloid P (pentraxin 2) levels in the blood sera of WT and Mcl1DMyelo mice. (B) CXCL1 chemokine levels in the blood

sera of WT and Mcl1DMyelo mice. (C) Comparison of average body weights between WT and Mcl1ΔMyelo mice. Black bars indicate wild-

type (WT) mice, and gray bars indicate Mcl1DMyelo mice, as specified. Individual data points, representing sample size per group, are

depicted as small circles. Bars display group means, with error bars denoting standard deviation (SD). Statistical significance is indicated as

follows: P < 0.05 (*), P < 0.001 (***).

2652 FEBS Letters 599 (2025) 2644–2662 ª 2025 The Author(s). FEBS Letters published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

Atypical T Cells in Neutrophil-Deficient Mice H. Hal�asz et al.

 18733468, 2025, 18, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1002/1873-3468.70126 by U

niversity O
f D

ebrecen, W
iley O

nline L
ibrary on [10/02/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Ly6G++ (Ly6Ghigh) CD125+ neutrophil granulocytes

(Fig. 6C,D). In Mcl1DMyelo mice, Mcl1 deficiency

obstructs neutrophil granulocyte development [2], lead-

ing to the accumulation of a large number of atypical

CD11b+ Ly6Glow CD125+ cells in the bone marrow,

while only a scarce number of conventional Ly6G++

neutrophil granulocytes was observed (Fig. 6C,D).

Although this phenomenon was reported in a previous

study [2], which used the Ly6G/Ly6C dual-specific Gr-

1 monoclonal antibody, it was not emphasized.

We did not detect significant differences in the num-

bers of CD11b+ Ly6C+ monocytoid cells, nor were

there differences in the numbers of CD11b+ Siglec-F+

eosinophil granulocytes (Fig. 6E). However, we con-

firmed a decreased number of CD19+ B cells in the

bone marrow of Mcl1DMyelo mice (Fig. 6F), a finding

that was also reported elsewhere [3].

Surprisingly, we observed substantial differences in

the numbers of erythroid cell types. The bone marrow

of Mcl1DMyelo mice contained significantly fewer

erythrocytes, reticulocytes, and nucleated erythroblasts

compared to WT animals (Fig. 7A,B). These popula-

tions were identified based on the presence of Ter119

erythrocyte marker and their nucleic acid content

(Supplementary Materials and Methods, Fig. S10, in

Supporting Information section). The reduced number

of erythroid cells within bone marrow may explain the

pale color of the femoral and tibial bones in

Mcl1DMyelo mice.

Comparison of blood cells

As described elsewhere [2,3], apart from neutrophil

granulocytes, there were no differences in the composi-

tion of the main cell populations in the blood of WT

and Mcl1DMyelo mice, including the number of eosin-

ophil granulocytes. We observed an increased number

of cd T cells in the blood of Mcl1DMyelo animals. On

average, this increase was more than threefold com-

pared to WT controls and was statistically significant

(Fig. 8A). Despite the observed differences in the num-

ber of erythroid precursors in the bone marrow, we

found no significant differences in the numbers of cir-

culating red blood cells, reticulocytes (indicated as pre-

RBC), or nucleated erythrocytes (nu-RBC) in the

blood of Mcl1DMyelo mice compared to WT controls

(Fig. 8B).

Altered cellular composition in the spleen of

Mcl1DMyelo mice

We observed notable differences in spleen size between

WT and Mcl1DMyelo animals (Fig. 9A). This extreme

splenomegaly was frequently observed in aging

Mcl1DMyelo mice. To quantify these differences, we

calculated the spleen-to-body mass ratio for several

WT and Mcl1DMyelo mice and found significant dif-

ferences (Fig. 9B).

The increased spleen size and weight suggest alter-

ations in cellular composition. Flow cytometric analy-

sis of spleen cells from WT and Mcl1DMyelo mice did

not reveal significant differences in the numbers of

CD45+ leukocytes (Fig. 9C). Similarly, no significant

differences were found in the numbers of CD11b+

Ly6C++ monocytoid cells, CD11b+ F4/80+ Ly6Clow

macrophages, or CD11b+ Siglec-F+ eosinophil granulo-

cytes (Fig. 9D). Additionally, the numbers of ab and

cd T-cell populations were comparable (Fig. 9E).

However, we measured a lower number of CD19+ B-

lymphocytes in the spleen cell suspension

of Mcl1DMyelo mice (Fig. 9F), which was consistent

with findings in the bone marrow (Fig. 6F).

Surprisingly, we found a large number of atypical

CD11b+ Ly6Glow CD125+ neutrophil granulocytes in

the spleen of the Mcl1DMyelo mice (Fig. 9G), mirror-

ing our observations in the bone marrow (Fig. 6C).

This was also observed by others using Ly6G/Ly6C

dual-specific Gr-1 antibodies [2]. As expected, the

number of CD11b+ Ly6Ghigh CD125+ conventional

neutrophil granulocytes was higher in the spleen of the

WT animals than in Mcl1DMyelo mice. However, their

absolute counts were low in both WT and

Mcl1DMyelo mice (Fig. 9H).

Fig. 5. (A) Representative photograph of tibial bones (left pairs

within groups) and femoral bones (right pairs within groups) of WT

and Mcl1DMyelo mice. (B) Bone marrow obtained from femoral

bones of WT and Mcl1DMyelo mice after centrifugation in sample

tubes. Scale bars in both images represent 1 centimeter (cm).
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The presence of atypical neutrophils suggests that their

development may also occur in the spleen of Mcl1DMyelo

mice. To investigate this, we examined the presence of

common lymphoid and common myeloid precursor cells

in spleen cell suspensions (see details in Supplementary

Materials and Methods, Fig. S9, in Supporting Informa-

tion section), and found a significantly higher number of

CMP cells in the spleens of Mcl1DMyelo mice (Fig. 9I).

Since CMP cells can give rise to erythroid precursors, we

also investigated erythroid cells in the spleen (see details in

Supplementary Materials and Methods, Fig. S10, in Sup-

porting Information section). We observed an increased

number of nucleated erythroblastoid cells in samples from

Mcl1DMyelo mice, but without convincing significance

(P = 0.117) (Fig. 7C,D).

Extramedullary hematopoiesis is commonly observed in

rodents in the splenic red pulp [48]. Our findings may indi-

cate extramedullary myelopoiesis in the spleen of

Mcl1DMyelo mice. To further investigate this, we exam-

ined the spleen histology of WT and Mcl1DMyelo mice.

Spleen tissue sections were prepared from both strains,

and 5-lm and 2-lm sections were stained with

hematoxylin–eosin or May–Gr€unwald–Giemsa stains

(Fig. 10). Even at low magnification, histological differ-

ences were evident between the two strains. The spleen tis-

sue of WT mice exhibited the typical histological

architecture, with the red pulp interspersed with nodules

of lymphocyte-rich white pulp (Fig. 10A). In contrast, the

red pulp of Mcl1DMyelo mice appeared structurally differ-

ent, with a more heterogeneous parenchyma containing

Fig. 6. Comparison of different leukocyte populations between WT and Mcl1DMyelo mice in their bone marrow. (A) Comparison of the

number of living CD45+ leukocytes. (B) Comparison of common lymphoid precursor (CLP) and common myeloid precursor (CMP) cell

numbers. (C) Representative flow cytometric representation of the CD45+ CD11b+ neutrophil granulocytes within the bone marrow of WT

and Mcl1DMyelo mice. More Ly6G++ cells are observed in WT animals. The bone marrow of Mcl1DMyelo mice contains a high number of

atypical or immature Ly6Glow neutrophils. CD125 is the alpha chain of the IL-5 receptor complex. (D) Comparison of classical Ly6G++ (Ly6G

high) and atypical Ly6G low neutrophil granulocyte numbers. (E) Comparison of CD11b+ Ly6C+ monocytoid cell numbers and CD11b+ Siglec-

F+ eosinophil granulocyte numbers. (F) Comparison of the number of living CD19+ B cells. Black bars indicate wild-type (WT) mice, and gray

bars indicate Mcl1DMyelo mice, as specified. Individual data points, representing sample size per group, are depicted as small circles. Bars

display group means, with error bars denoting standard deviation (SD). Statistical significance is indicated as follows: P < 0.05 (*), P < 0.01

(**), P < 0.001 (***).
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fewer, smaller, and irregularly shaped white pulp struc-

tures (Fig. 10B).

At higher magnification, the narrow red pulp area

of WT mice contained small, uniform cells with dark,

heterochromatic nuclei (Fig. 10C). In contrast, the red

pulp of Mcl1DMyelo mice contained numerous larger,

more heterogeneous cell types with thicker cytoplasm

and large, lighter euchromatic nuclei (Fig. 10D). Sev-

eral giant cells were also observed in the spleen of

Mcl1DMyelo mice.

Increased T-cell numbers in Mcl1DMyelo mice in

a thioglycolate medium-induced

peritonitis model

We aimed to determine whether the elevated T-cell

numbers observed in muscle inflammation in

Mcl1DMyelo mice were specific to muscle injury or

reflected a broader inflammatory phenomenon. To

investigate this, we induced classical thioglycolate

medium-mediated peritonitis in Mcl1DMyelo mice and

their WT counterparts.

At the examined time points, Day 1 and day 3 post-

treatment, T-cell numbers were significantly higher in

the inflamed peritoneum of Mcl1DMyelo mice com-

pared to WT mice. This increase involved both ab and

cd T cells (Fig. 11). Notably, Mcl1DMyelo mice also

exhibited significantly elevated cd T cell numbers in

the peritoneum before thioglycolate treatment (day 0).

Discussion

In this neutrophil granulocyte-deficient mouse model,

we observed several differences between WT and

Fig. 7. Erythroid cell types in bone marrow and spleen of WT and Mcl1DMyelo mice. Ter119 is considered an erythroid-specific marker.

SYTO16 is a cell-permeable fluorescent nucleic acid dye. (A) Representative flow cytometric characterization of the erythroid cell types in

the bone marrow of WT and Mcl1DMyelo mice. (B) Statistical representation of erythroid cell type numbers in the bone marrow of WT and

Mcl1DMyelo mice. (C) Representative flow cytometric characterization of erythroid cell types in the spleen of WT and Mcl1DMyelo mice.

(D) Statistical representation of erythroid cell type numbers in the spleen of WT and Mcl1DMyelo mice. Nucleated erythroblasts are

indicated as “nu-RBC”, reticulocytes as “pre-RBC” and mature red blood cells as “RBC”. Black bars indicate wild-type (WT) mice, and gray

bars indicate Mcl1DMyelo mice, as specified. Individual data points, representing sample size per group, are depicted as small circles. Bars

display group means, with error bars denoting standard deviation (SD). Statistical significance is indicated as follows: P < 0.01 (**),

P < 0.001 (***).
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Mcl1DMyelo mice at both cellular and organ levels.

Unexpected differences were seen in the spleen and

bones of neutrophil-deficient animals. We observed

paler femoral and tibial bones (Fig. 6A), as well as an

enlarged spleen in the neutrophil-deficient mice

(Fig. 9A). The presence of elevated inflammatory che-

mokines in circulation (Fig. 4A,B) indicates inflamma-

tory conditions in the body. We speculate that the

absence of neutrophil granulocytes makes the gastroin-

testinal tract or the epidermis vulnerable to subacute

infections caused by microbiota. Gastrointestinal

inflammatory conditions could negatively influence the

gut’s nutritional function. These circumstances could

potentially explain both the increased SAP and

CXCL1 levels (Fig. 4A,B) and the low body weight of

the Mcl1DMyelo mice (Fig. 4C) [3].

Inflammation mediates increased production of leu-

kocytes, including neutrophils. We suggest that the

increased production of neutrophil granulocytes and

the accumulation of apoptotic neutrophil precursors

in the bone marrow of the Mcl1DMyelo mice limit

erythrocyte production, indirectly resulting in ery-

throid cell type-specific bone marrow insufficiency. A

low erythrocyte count could induce extramedullary

erythropoiesis [49]. During embryonic development,

the spleen serves as a hematopoietic organ. In adult

mice, remnants of this developmental role can result

in baseline extramedullary hematopoietic activity [48],

which may be upregulated under specific physiologi-

cal or pathological conditions [50,51]. This could

explain the changes observed in the spleen of the

Mcl1DMyelo mice. The increased number of CMPs

in the spleen (Fig. 9I) gives rise to not only

erythrocytes, but also precursors of neutrophils. In

the absence of Mcl1, the immature, atypical Ly6Glow

neutrophils (Fig. 9G,H) likely die inside the spleen,

similar to what was observed in the bone marrow

(Fig. 7C,D) [2]. The consequence of this increased

cell production manifests itself as splenomegaly

(Fig. 9A) [52,53]. The atypical structure of the

Mcl1DMyelo spleen can be easily compared to the

regular WT spleen (Fig. 10A,B). At higher magnifica-

tion, the altered cell composition in the splenic paren-

chyma is also obvious (Fig. 10C,D).

The absence of infiltrating neutrophil granulocytes

in the injured muscle tissue could influence the subse-

quent inflammatory response and the immune system’s

regeneration process [54]. A lower number of tissue-

immigrating Ly6C++ monocytoid cells was observed

in the muscle of Mcl1DMyelo mice during the first

days after tissue injury (Fig. 1F). We hypothesize that

the low cell count may be attributed to reduced che-

motactic factor production due to the absence of

neutrophils.

The appearance of F4/80+ Ly6Clow macrophages,

associated with anti-inflammatory and regenerative

functions [31], was delayed and their numbers were

also lower in the regenerating muscles of Mcl1DMyelo

mice (Fig. 1G).

A surprisingly high number of T cells was observed

in the injured muscle of Mcl1DMyelo mice (Fig. 2).

Since the total number of T cells in the blood and

spleen did not differ between WT and Mcl1DMyelo

mice (Figs 8A, 9E), the increased T-cell count in

injured muscle may be linked to altered chemotaxis in

neutrophil-deficient animals.

Fig. 8. (A) Cell numbers of the main T cell subpopulations within the blood of WT and Mcl1DMyelo mice. (B) There is no significant

difference in the number of mature erythrocytes (RBC), reticulocytes (pre-RBC) and nucleated erythroblasts (nu-RBC) in the blood of WT

and Mcl1DMyelo mice. Black bars indicate wild-type (WT) mice, and gray bars indicate Mcl1DMyelo mice, as specified. Individual data

points, representing sample size per group, are depicted as small circles. Bars display group means, with error bars denoting standard

deviation (SD). Statistical significance is indicated as follows: P < 0.001 (***).
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We hypothesize that, in WT animals, a substantial

number of neutrophil granulocytes extravasate into the

injured and inflamed tissue, leading to depletion of

chemotactic factors during this process [17–19,55]. In

Mcl1DMyelo mice, other cell populations expressing

similar chemokine receptors or tissue injury sensors

are recruited in elevated numbers to the site of tissue

injury in the absence of neutrophils.

An alternative explanation could be the absence

of arginase enzyme activity in injured muscle

of Mcl1DMyelo mice due to the lack of neutrophils

[27], which may favor the proliferation of extravasat-

ing T cells [56].

T cells can influence macrophage activation and

function in various ways. For example, activated effec-

tor T cells in tissue produce cytokines that modulate

or reprogram macrophage differentiation or activ-

ity [57]. Stress signals that appear on the surface of

macrophages and other tissue cells during injury can

activate non-conventional T cells, including cd T cell

Fig. 9. Comparison of the spleens and the number of different spleen cells between WT and Mcl1DMyelo mice. (A) Splenomegaly was

observed on several occasions in Mcl1DMyelo animals. Scale bar in the photograph represents 1 centimeter (cm). (B) Statistical comparison

of spleen/body weight ratio between WT and Mcl1DMyelo animals. (C) Comparison of live CD45+ leukocyte numbers. (D) Comparison of

CD11b+ Ly6C++ monocytoid cell numbers, CD11b+ F4/80+ Ly6Clow macrophage numbers, and CD11b+ Siglec-F+ eosinophil granulocyte

numbers. (E) Comparison of ab T cell and cd T cell numbers. (F) The number of CD19+ B cells. (G) Representative flow cytometric

measurements of live CD45+ CD11b+ Ly6G marker expressing neutrophils in the spleen. Ly6G and CD125 staining help to identify the

conventional Ly6G++ neutrophils in WT animals, and atypical/immature Ly6Glow neutrophils in the spleens of Mcl1DMyelo mice. (H) There is

a significantly lower number of conventional Ly6G++ (Ly6G high) neutrophils in the spleens of Mcl1DMyelo mice, but a much higher

number of atypical Ly6G low cells. (I) There is a significant difference in the number of common myeloid precursor cells (CMP) in the

spleen, but no significant difference in the number of common lymphoid precursor cells (CLP). Black bars indicate wild-type (WT) mice, and

gray bars indicate Mcl1DMyelo mice, as specified. Individual data points, representing sample size per group, are depicted as small circles.

Bars display group means, with error bars denoting standard deviation (SD). Statistical significance is indicated as follows: P < 0.01 (**),

P < 0.001 (***).
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Fig. 10. Microscopic images of spleen tissue sections from wild-type and Mcl1DMyelo mice after histological staining. The upper panels (A,

B) show low-magnification images of hematoxylin–eosin-stained 5 lm spleen tissue sections from wild-type (A) and Mcl1DMyelo (B) mice.

The bottom panels (C, D) show higher magnification images of May-Gr€unwald-Giemsa-stained 2 lm spleen tissue sections from wild-type

(C) and Mcl1DMyelo (D) mice. The scale bars, indicating lengths of 500 micrometer (lm) in A and B, and 50 lm in C and D, are located at

the bottom left corner of each subfigure.

Fig. 11. Comparison of ab and cd T cell numbers in the peritonea of WT and Mcl1DMyelo mice under baseline conditions (day 0) and at the

indicated time points after thioglycolate medium-induced peritonitis. Black bars represent ab T cells from wild-type (WT) mice; gray bars

represent ab T cells from Mcl1DMyelo mice. Black checkered bars represent cd T cells from WT mice, and gray checkered bars represent

cd T cells from Mcl1DMyelo mice, as indicated. Individual data points, representing sample size per group, are depicted as small circles.

Bars display group means, with error bars denoting standard deviation (SD). Statistical significance is indicated as follows: P < 0.01 (**),

P < 0.001 (***).
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subtypes. The ratio of cd T cells increases significantly

in injured tissues (Fig. 2C) compared to their ratio in

the blood and spleen under steady-state conditions.

This increase was observed in both wild-type and

Mcl1DMyelo mice (Fig. 2C). However, in

Mcl1DMyelo mice, the absolute counts of both ab and

cd T cells increase substantially (Fig. 2B,C).

It is known that cd T cells participate in the regenera-

tion of various tissues. For instance, skin cd T cells pro-

duce growth factors (e.g., insulin-like growth factor-1—
IGF1) [58,59] during wound healing. It is suggested that

IL-17 producing cd T cells play a role in neutrophil

recruitment in CTX induced muscle injury [60]. It has

been reported that the number of cd T cells peaks

around Day 3 postinjury in muscles, a finding also con-

firmed by our data (Fig. 2B). However, neutrophil gran-

ulocytes disappear around the same time (Fig. 1C),

which challenges the hypothesis that IL-17-producing

T cells are responsible for recruiting neutrophil granulo-

cytes to muscle injury. Therefore, we propose that cd
T cells may have alternative immunoregulatory func-

tions and other roles in tissue regeneration.

A high percentage of the ab T cells in injured mus-

cle consists of nonconventional double-negative (DN)

T cells (Fig. 3). Recent studies have described various

regulatory and effector roles of DN murine ab T cells

(reviewed in [61,62]); however, their function in CTX-

induced muscle injury remains poorly understood.

Their elevated count in Mcl1DMyelo mice provides an

opportunity for further investigation of their properties

and their role in tissue inflammation and regeneration.

Elevated T cell numbers were observed not only in

muscle injury but also in a conventional inflammation

model in Mcl1DMyelo mice. The increased T-cell

count in thioglycolate medium-induced peritonitis sug-

gests that neutrophil deficiency generally contributes to

the enhanced presence of T cells in inflammatory con-

ditions (Fig. 11).

We also observed that the number of eosinophil

granulocytes increased similarly to T cells in injured

muscles of Mcl1DMyelo mice (Fig. 1E). Eosinophils

are also recruited by danger signals released during tis-

sue injury [63], and this recruitment may be more pro-

nounced in the absence of neutrophils. The presence of

Th2-like effector T cells in severe tissue injuries may

produce chemotactic factors that attract eosinophils

and vice versa [64]. Cytokines released by

eosinophils and T cells (e.g., IL-4) may promote M2-

like resolving macrophage differentiation and directly

influence muscle precursor cells [65].

The complex immunological and physiological

changes manifested in neutrophil-deficient Mcl1DMyelo

mice during muscle injury and regeneration make it

difficult to determine the direct role of neutrophils in

these processes. However, we have demonstrated a

potential indirect effect of neutrophil deficiency: an

increased presence of nonconventional T cells during

inflammation and tissue injury. Surprisingly, neutrophil-

deficient mice may serve as a useful model for studying

the functions and properties of non-conventional T cells

in tissue inflammation and repair.

Limitations of the study

We primarily investigated inflammatory events in

Mcl1DMyelo mice in a descriptive manner, focusing

mainly on the cellular level. While acknowledging the

importance of macrophages in tissue regeneration, this

study focused on the appearance of T cells. Other lym-

phoid cell types and the functions of macrophage sub-

populations were not examined due to resource

limitations. The high T cell count observed in

Mcl1ΔMyelo mice presents opportunities for future

studies, including functional analyses and exploration

of T cell transcriptomics and proteomics; however,

these analyses are beyond the scope of this study.

We aimed to use an equal number of animals of

similar age from both sexes in both WT and

Mcl1DMyelo experimental groups. However, the inclu-

sion of mixed-sex experimental groups increases the

variability of the measured parameters, which primar-

ily increases the probability of a type II statistical

error. Therefore, “near-significant” statistical probabil-

ity values are reported in the text or figures.
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Fig. S1. Representative example of a genotyping gel.

Fig. S2. (A) The characteristic forward scatter (FSC)

and side scatter (SSC) of the counting beads (polysty-

rene microparticles) are indicated as “beads” on the

flow cytometric density plot. (B) The light scattering

properties of the measured cells are more clearly visi-

ble with a modified SSC axis scale.

Fig. S3. Flow cytometric measurements and represen-

tative gating of leukocytes in injured muscle (Day 1

p.i.).

Fig. S4. Determination of T cell subpopulations by

flow cytometry.

Fig. S5. Backgating of CD45+ CD90+ CD3+ singlet

T cell subsets onto CD3/TCRb dot plots.

Fig. S6. Gating process of T-cell subsets with different

CD3 expression level.

Fig. S7. Backgating of T-cell subsets in injured muscles

of Mcl1DMyelo mouse (Day 3 p.i.) with different CD3

expression level onto CD4/CD8 plots.

Fig. S8. Measurement of progenitor cells in bone

marrow.

Fig. S9. Measurement of progenitor cells in the spleen.

Fig. S10. Determination of erythroid cell types in bone

marrow and spleen. Erythroid cells were determined

by their light scattering, Ter119 staining and SYTO16

nucleic acid dye staining.
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