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BASIC AND TRANSLATIONAL SCIENCES

Regulatory T Cells Contribute to Sexual 
Dimorphism in Neonatal Hypoxic-Ischemic Brain 
Injury
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Ludger Klein-Hitpass , PhD; Sven Schumann, MD; Christoph Kleinschnitz, MD; Dirk M. Hermann, MD;  
Ursula Felderhoff-Müser, MD; Ivo Bendix , PhD; Wiebke Hansen, PhD; Josephine Herz, PhD

BACKGROUND AND PURPOSE: Neonatal encephalopathy caused by hypoxia-ischemia (HI) is a major cause of death and disability 
in newborns. Clinical and experimental studies suggest a sexual dimorphism in HI-induced brain injury and therapy responses. 
A major hallmark of HI pathophysiology is the infiltration of peripheral immune cells into the injured brain. However, the 
specific role of regulatory T cells (Tregs) in neonatal HI is still unknown.

METHODS: Nine-day-old mice were exposed to HI by ligation of the right common carotid artery followed by 1 hour hypoxia (10% 
oxygen). Using immunohistochemistry, flow cytometry, and microarray analyses, Tregs were investigated in the brain, spleen, 
and blood 24 hours post HI. The functional role of Tregs was evaluated by acute Treg depletion in depletion of regulatory T 
cells transgenic mice. Brain injury, neuroinflammatory responses, and vascular injury were analyzed via immunohistochemistry 
and Western blot 48 hours and 7 days after HI. Functional outcome was assessed 3 days and 5 weeks after HI.

RESULTS: Female mice revealed an increased cerebral Treg infiltration, coinciding with elevated chemokine receptor 
expression. Treg depletion in females aggravated HI-induced brain tissue injury, short-term motor deficits, and long-term 
deficits in exploratory activity, paralleled by an increased microglia and endothelial activation and leukocyte infiltration. Treg 
depletion in male mice reduced HI-induced brain injury, short-term motor, and long-term cognitive deficits, associated with 
reduced vascular injury. Ex vivo isolated female Tregs displayed an increased immunosuppressive activity on effector T cell 
proliferation and an increased gene enrichment in pathways related to enhanced Treg activity.

CONCLUSIONS: Tregs from neonatal female mice provide endogenous neuroprotection, whereas Tregs from male mice increase 
secondary neurodegeneration. As potential mechanisms, we identified intrinsic transcriptional differences associated with 
enhanced anti-inflammatory activity of female Tregs. Our study emphasizes the urgent need for sex-stratified clinical and 
preclinical analyses.

Key Words:  brain ◼ hypoxia ◼ ischemia ◼ regulatory T cells ◼ sex-difference

Neonatal encephalopathy caused by hypoxia-isch-
emia (HI) is a major cause of long-term morbidity 
and mortality in newborns. The only available ther-

apy, therapeutic hypothermia is limited with 40% to 50% 
of surviving infants still suffering from major neurological 

problems.1 In spite of tremendous efforts to identify 
new and/or additional therapies, translation into clinical 
practice failed. A major reason might be our incomplete 
understanding of complex HI-pathophysiology, involv-
ing not only cells of the central nervous but also of the 
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peripheral immune system. Furthermore, clinical and 
experimental studies suggested a sexual dimorphism in 
HI pathophysiology and inflammatory responses.2,3

A major hallmark of HI pathophysiology is the infil-
tration of peripheral immune cells into the injured brain. 
Previous studies reported sex-differences in outcomes 
after depletion of peripheral immune cell subsets and 
in the extent of immune cell infiltration.4,5 Depletion of 
peripheral myeloid cells was neuroprotective in males, 
while no differences were observed in females.5 With 
regard to lymphocytes, an increased infiltration into the 
injured brain was observed in male mice 3 days after HI.4 
However, previous reports indicated different functions 
of different lymphocyte populations, that is, the total lack 
of T and B cells in Rag−/− was neuroprotective,6 while 
the selective depletion of T cells enhanced HI-induced 
tissue injury.7 Furthermore, increased HI-induced injury 
after immunomodulatory therapy was associated with a 
reduced amount of regulatory T cells (Treg) in the brain,7 
suggesting a neuroprotective function of these cells in 
neonatal HI.

A large body of evidence from studies in adult brain 
ischemia models related neuroprotective functions of 
Tregs to their anti-inflammatory capacity, that is, reduc-
ing infiltration of peripheral leukocytes and inhibiting 
micro- and astrogliosis.8–10 However, far less is known 
about Tregs in neonatal HI. Considering pronounced 
differences between the adult and neonatal immune 
system, findings in adult ischemic brain injury may not 
be translated to neonates. For example, perinatally 
developed Tregs are supposed to be more proliferative 
with a higher suppressive activity compared with adult 
Tregs.11 Nevertheless, common to both, adult and neo-
natal brain injury, is the lack of information about the 
impact of sex on Treg function in the pathophysiology 
of brain ischemia.

Sex-dependent differences in Treg functionality 
and phenotype have been reported in different dis-
ease paradigms.12 Besides sex-hormone dependent 
mechanisms, differences in the transcriptomic and 
metabolic profile between female and male Tregs have 
been recently discussed in the context of chronic intes-
tine and visceral adipose tissue inflammation.13,14 With 

regard to ischemic brain injury, data are limited, because 
the majority of studies targeting Tregs in adult stroke 
models used male mice. In neonatal HI, Tregs have not 
been investigated to date.

In the present study, we characterized Treg infiltration 
and function in neonatal HI in sex-stratified analyses. We 
further investigated the impact of endogenous Tregs on 
the development of HI-induced brain injury and identified 
sex-specific cellular targets and signaling pathways.

METHODS
Detailed data that support the findings of this study are avail-
able from the corresponding author upon reasonable request.

Animal Care and Group Allocation
Experiments were performed in accordance to the ARRIVE 
guidelines with government approval by the State Agency for 
Nature, Environment and Consumer Protection North Rhine-
Westphalia. C57BL/6J mice, initially ordered from Charles 
River, and transgenic depletion of regulatory T cells trans-
genic (DEREG) mice,15 initially provided by Tim Sparwasser, 
were bred in house and kept under a 12 hours light/dark cycle 
with food and water ad libitum. Genotyping of DEREG mice 
is described in the Supplemental Methods. Bodyweight was 
recorded at postnatal day 9 (P9), P10, P11, P16 and weekly 
after weaning. A total of 424 animals (215 female, 209 male) 
were enrolled. Eleven transgenic naïve DEREG mice (5 female, 
6 male) were used to exclude potential confounding effects 
by Treg depletion in neonates. Fifty-two transgenic DEREG 
mice (27 female, 25 male) were exposed to sham-operation. 
Out of the remaining 291 transgenic DEREG (146 female, 
145 male), 42 wild-type littermate DEREG (21 female, 21 
male) and 28 C57/BL6 mice (16 female, 12 male) that were 
exposed to HI, 35 (9.7%, 17 female, 18 male) died. Detailed 
information on methods of randomization, blinding, sample 
sizes, sex, and mortality are provided in the Supplemental 
Methods and Table S1.

Neonatal HI and Treg Depletion
Hypoxic-ischemic brain injury was induced in 9-day-old animals 
as previously described.7,16,17 Briefly, the right common carotid 
artery was occluded through cauterization (high temperature 
cauter, 1200 °C, Bovie) under isoflurane anesthesia (1.5–2.5 
Vol%) followed by 1 hour hypoxia (10% O2) in an air-tight oxy-
gen chamber (OxyCycler, Biospherix) after 1 hour recovery with 
their dams. Perioperative analgesia was ensured by subcutane-
ous administration of 0.1 mg/kg buprenorphine. According to 
our previous studies,18 Tregs were depleted in DEREG mice by 
intraperitoneal (IP) administration of 30 ng/g body weight diph-
theria toxin (DTX, Calbiochem, Germany) 24 hours before and 
24 hours after HI. Control animals received the same amount 
of PBS. Previous work showed that repetitive daily Treg deple-
tion in neonatal mice is associated with weight loss at P16 
and development of autoimmune pathology.11,15 However, in our 
experimental setting with 2 single injections at P8 and P10, 
we did not detect signs of autoimmunity in peripheral organs 5 
weeks after DTX injection (Figure S1A and S1B) or weight loss 
in HI-injured animals at P16 (Figure S1C).

Nonstandard Abbreviations and Acronyms

DEREG	� depletion of regulatory T cells
DTX	 diphtheria toxin
HI	 hypoxia-ischemia
ICAM-1	 intercellular adhesion molecule-1
Treg	 regulatory T cell
VCAM-1	 vascular adhesion molecule-1
VWF	 von Willebrand Factor
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Processing of Peripheral Blood, Spleen, 
and Brain Tissues for Flow Cytometry and 
Fluorescent-Activated Cell Sorting
Isolation of single cell suspension for flow cytometry analysis was 
performed as previously described.7 Briefly, animals were deeply 
anesthetized by IP injections of an overdose chloralhydrate fol-
lowed by transcardial perfusion with ice-cold PBS and removal 
of spleens and brains. Blood specimens were collected with 
EDTA-coated capillaries (Radiometer, Denmark) by snipping the 
right atrium of the heart immediately before perfusion via the left 
ventricle. Blood samples were transferred into EDTA-coated col-
lection tubes (Minicollect, Greiner Bio One, Germany) until further 
processing. Details on cell isolation, antibody staining, flow cytom-
etry, and cell sorting are provided in the Supplemental Methods 
and Table S2. Suppressive activity of Tregs was analyzed in T cell 
proliferation assays and by assessment of their impact on myeloid 
cell activation as described in the Supplemental Methods.

Tissue Preparation, Histology, and 
Immunohistochemistry
One, 2, or 7 days after HI, mice were deeply anesthetized 
with chloralhydrate and transcardially perfused with ice-
cold PBS. Brains were removed and snap-frozen on dry ice. 
Histopathology and immunohistochemistry were performed on 
20 μm cryostat sections according to published protocols.7,16 A 
detailed description of staining and quantifications is given in 
the Supplemental Methods and Table S3.

Behavioral Assessment
The impact of HI, sex, and Treg depletion on short-term motor 
coordination was assessed in front limb suspension tests 3 days 
after HI. Long-term neurodevelopmental outcome was deter-
mined in Elevated Plus Maze and Novel Object Recognition tests 
5 weeks after HI. Details are provided in Supplemental Methods.

Western Blot
For western blot analysis, whole hemisphere tissue specimens 
were collected at the hippocampal level between −1.8 to −2.4 
mm from bregma. Tissue processing and immunoblotting were 
performed according to our previous studies7,16 and are speci-
fied in the Supplemental Methods.

Microarray and Gene Set Enrichment Analysis
Total RNA of sorted splenic Tregs was isolated with QiaShredder 
columns and the RNeasy Micro Kit (Qiagen, Hilden, Germany) 
according to manufacturers’ instructions. RNA samples were 
evaluated for RNA integrity with the Agilent 2100 Bioanalyzer 
System (Agilent Technologies, Waldbronn, Germany). Microarray 
analysis and Gene Set Enrichment Analysis are specified in the 
Supplemental Methods.

Statistical Analysis
Sample sizes were calculated a priori with the G*Power (version 
3.1.9.2) software for the primary outcomes histological brain 
injury and behavioral outcome. We assumed a Cohen’s d ES of 
0.6 to be biologically relevant, a highly conservative assumption 
based on the model-associated variability.7,16,17 An α-level of 0.05 

and a power of 0.8 were required and a mortality rate of 10% 
was expected,7,16,17 yielding a final sample size of 10 animals per 
group. Exploratory analyses without prestudy sample size cal-
culation included flow cytometry, Western blot, in vitro assays 
with ex vivo isolated Tregs, and microarray analyses. Results 
are expressed as box plots with individual data points including 
median values, the 25% and the 75% percentile. For statistical 
analysis, the GraphPad Prism 6.0 software package (GraphPad 
Software) was used. Continuous data were tested for gaussian 
distribution with the D’Agostino & Pearson omnibus normality test 
or, for small sample sizes, with the Shapiro-Wilk normality test. In 
case of normal distribution either unpaired Students t Test or ordi-
nal 1-way ANOVA with post hoc Sidak’s were applied. For ordinal 
and nonparametrically distributed continuous data Mann-Whitney 
or Kruskal-Wallis with Dunn’s were applied. Details on applied 
tests for each data set are provided in Table S4. In all analyses, 
P<0.05 was considered statistically significant.

RESULTS
Neonatal HI Induces Enhanced and Selective 
Infiltration of Tregs Into the Female Brain
Analyses of Treg infiltration via flow cytometry demon-
strated a significant increase in the total amount and 
frequency of Tregs in female brains compared with male 
brains 24 hours after HI (Figure 1A). No differences in 
Treg numbers and frequencies were observed in the 
spleen and the peripheral blood (Figure 1B). Immunohis-
tochemistry analysis confirmed the increased infiltration 
of female Tregs with most pronounced infiltration at the 
hippocampal level in both sexes (Figure 1C). Of note, the 
majority of male Tregs (62%) was associated with the vas-
culature (ie, intra- or perivascular) compared with 42% of 
female Tregs (Figure 1D). Distances of intraparenchymal 
infiltrated Tregs to the vasculature did not differ between 
sexes (Figure S2A). Compared with the periphery (Fig-
ure S2B), chemokine receptor and integrin expression on 
brain-infiltrated Tregs (Figure 1E) was elevated for all ana-
lyzed proteins, except for CCR4. However, the frequency 
of CCR4+ and CXCR4+ Tregs was significantly increased 
in female compared with male brains (Figure  1E). Fur-
thermore, the frequency of LFA-1+ Tregs was higher in 
females than in males, while the percentage of CD49d+ 
and CD29+ did not differ between sexes (Figure 1E). In 
the blood and spleen, we detected no differences between 
female and male Tregs (Figure S2C).

Treg Depletion in Females Exacerbates 
Neuronal Injury, Early Motor Deficits, and Long-
Term Exploratory Activity, While Treg-Depleted 
Males Are Protected From HI-Induced Neuronal 
Loss, Motor Deficits, and Long-Term Cognitive 
Dysfunction
To selectively investigate the functional role of Tregs in 
the acute phase of neonatal HI, Tregs were depleted by 
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DTX injection in DEREG mice 24 hours prior and 24 
hours after HI. A single DTX injection resulted in efficient 
Treg depletion for 48 hours in the blood, spleen, and HI-
injured brain tissues, independent of sex (Figure S3). 
Histopathologic evaluation in cresyl violet stained brain 
sections revealed an increased tissue injury in Treg-
depleted females in the hippocampus and cortex (Fig-
ure 2A). Treg depletion in males resulted in a significantly 
reduced hippocampal brain injury (Figure 2A). Opposing 
effects of Treg depletion were confirmed via immunohis-
tochemistry, demonstrating a significantly reduced neuro-
nal density in the hippocampus of Treg-depleted females, 
while males were protected from HI-induced neuronal 
loss (Figure 2B). For both, histopathologic changes and 
neuronal loss, PBS-treated male control mice showed an 
increased brain injury compared with female control mice 
(Figure 2A and 2B). HI-induced increase of total oligo-
dendrocytes was not modulated, neither by sex nor by 
Treg depletion (Figure 2B). Confounding effects by DTX 
injection per se could be excluded as assessed in wild 
type littermate HI-injured and sham-operated transgenic 

DEREG animals (Figure S4). Of note, different subacute 
responses to early Treg depletion were also not caused 
by sex-differences in Treg recovery (Figure S5).

Histological findings were confirmed on a functional 
level, as demonstrated by significantly increased impair-
ment of forelimb strength in Treg-depleted females, while 
males were protected from this early motor coordination 
deficit (Figure  2C). These early behavioral differences 
translated into long-lasting alterations of neurodevelop-
mental functions in young adult mice (Figure 2D through 
2F). HI-induced increase of head dipping in open arm 
and center regions of the Elevated Plus Maze (as a mea-
sure of risk assessment and escape behavior), reduction 
of exploratory activity in the object recognition task and 
decreased novel object recognition memory in the NOR 
task, were significantly improved in Treg-depleted males 
(Figure  2D through 2F). Furthermore, Treg depletion in 
females resulted in a significantly reduced exploratory 
activity (Figure  2D). HI-induced alterations of impulsiv-
ity/escape behavior, reflected by an enhanced time in 
the open arms of the Elevated Plus Maze, was slightly 

Figure 1.  Increased infiltration of female Tregs into the hypoxia-ischemia (HI)-injured brain.
Postnatal day 9 (P9) C57BL/6 (A and B) and depletion of regulatory T cells transgenic (DEREG) (C and D) mice were exposed to HI. Tregs 
and total leukocytes were quantified via flow cytometry in the brain (A), blood, and spleen (B) 24 h after HI. Localization of brain-infiltrated Tregs 
was analyzed via immunohistochemistry in eGFP/CD45 (C, Scale bar: 50 μm, arrows indicate Tregs) and eGFP/CD31 double staining (D, Scale 
bar: 30 μm). Chemokine receptor and integrin expression on brain-infiltrated Tregs were determined via flow cytometry (E). *P<0.05, **P<0.01. 
n=12–13/group in (A, B), n=9–12/group in (C, graphs), n=sum of Tregs from 5 animals/group (16 sections/animal) in C, n=sum of Tregs from 
5 animals/group (8 sections/animal) in D, n=5/group in E.
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increased in Treg-depleted females but not in males (Fig-
ure S6A). Enhanced escape behavior in HI-injured animals 
is also reflected by an increased mean velocity, which was, 
however, not modulated by Treg depletion (Figure S6B).

Female Tregs Inhibit HI-Induced 
Neuroinflammatory Processes and Male Tregs 
Promote Vascular Injury
To get deeper insights into the mechanisms underlying the 
divergent function of Tregs, we analyzed glial and endothe-
lial activation, vascular damage, and peripheral immune cell 
infiltration, major hallmarks of HI pathophysiology. Both, 
neuropathological assessment and immunohistochemis-
try demonstrated most pronounced effects in the hippo-
campus (Figure 2A and 2B, Figure S7). Therefore, further 
analyses focused on this brain region. Treg depletion led to 
an increased astrocyte activation, independent of sex (Fig-
ure 3A). Microglia activation was significantly increased in 

Treg-depleted females compared with PBS-treated con-
trols (Figure 3A). Except of an increased microglia activa-
tion per se, no differences were observed by Treg depletion 
in males (Figure 3A). Similarly, Treg depletion in females 
but not in males led to a significantly enhanced endo-
thelial activation, as demonstrated by elevated VCAM-1 
(vascular adhesion molecule-1) expression (Figure  3B). 
ICAM-1 (intercellular adhesion molecule-1) expression 
was not modulated, neither by sex nor by Treg depletion 
(Figure  3B). In addition to endothelial activation, neona-
tal HI leads to damage of the basal lamina.17 While Treg 
depletion resulted in an increased basal lamina disruption 
in females, Treg-depleted male mice were protected from 
HI-induced vascular injury (Figure 3C). Concomitant with 
increased VCAM-1 expression and vascular injury, Treg-
depleted female mice revealed a significant increase in 
peripheral leukocyte accumulation compared with PBS-
treated controls, whereas no differences were observed 
in males (Figure  3D). To determine the impact of Tregs 

Figure 2.  Acute Treg depletion increases subacute neurodegeneration in females and is protective in males associated with 
altered short- and long-term functional outcome. 
P9 depletion of regulatory T cells transgenic (DEREG) mice were exposed to hypoxia-ischemia (HI). Tregs were depleted by IP injection of 30 
ng/g bodyweight DTX at P8 and P10. At P16 histological brain injury (A), neuronal and oligodendrocyte densities (B) were analyzed in cresyl 
violet stained tissue sections and via immunohistochemistry for NeuN and Olig2 (B), respectively. Scale bars (A): 1 mm, (B): 50 μm (both CA1 
region of the hippocampus). Dashed lines and gray shadows indicate quantiles of sham-operated animals. Short-term motor coordination deficits 
were assessed in forelimb suspension tests 3 d after HI; the time to fall of the wire was measured (C). Long-term neurobehavioral development 
was evaluated in the EPM (D) and the NOR test (E and F) 5 wks after HI. The number of head dips in the open and center area of the EPM (D), 
the time spent at objects in the training trial of the NOR test (E) and % time of novel object exploration compared with total object exploration in 
the testing trial of the NOR test (F) were measured. C–F, Rectangles and triangles in sham groups indicate PBS and DTX treatment, respectively; 
left graphs: female, right graphs: male. *P<0.05, **P<0.01, ***P<0.001. n=9–12/group (A and B), n=9–13 (D–F).
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on infiltration patterns of peripheral leukocytes, we char-
acterized leukocyte localization, demonstrating that the 
amount of vessel-associated leukocytes was significantly 
reduced in Treg-depleted females, while a large proportion 
of peripheral leukocytes was either located in the vessels 
or in the perivascular space in Treg-depleted males (Fig-
ure 3D). Distances of clearly extravasated leukocytes (<10 
μm apart from the vessel) were not modulated by sex or 
Treg depletion (Figure 3D).

Except of increased inflammatory responses and vas-
cular injury (ie, microglia activation, leukocyte accumulation, 
basal lamina disruption) in HI-injured males, no differences 
were detected in DTX-treated wild-type littermate and 
sham-operated transgenic DEREG mice (Figure S8).

Tregs of Female Mice Display Increased 
Immunosuppressive Activity
The observed sex-differences in early and late outcome 
after acute Treg depletion suggested early differences in 
Treg function. To characterize Treg functionality in the acute 
disease phase, that is, 24 hours after HI, we compared their 

inhibitory potential on myeloid cell activation (Figure 4A) and 
effector T cell proliferation (Figure  4B) demonstrating no 
sex-differences on myeloid cell activation. However, female 
Tregs revealed an increased immunosuppressive activity on 
effector T cell proliferation compared with male Tregs (Fig-
ure 4B). According to previous reports in adults, indicating 
that the female sex hormone estradiol is important for Treg 
activity,19 we compared serum estradiol levels, which did not 
differ (Figure 4C). To get first insights into the molecular path-
ways involved, we performed microarray analysis of ex vivo 
sorted Tregs. Gene set enrichment analyses in female Treg 
revealed significant enrichments in the hallmark pathways 
Myc Targets, mTORC1 signaling and oxidative phosphoryla-
tion (Figure 4D; Table S5), which were recently identified as 
important pathways modulating Treg activity.20,21

Sex-Dependent Differences in Treg Function 
Develop Over Time
Previous reports in adult ischemic brain injury showed that 
Tregs contribute to ischemic brain injury via induction of 
secondary micro-thrombosis.22 According to the early 

Figure 3.  Sex-dependent effects of Treg depletion on glial and endothelial activation, leukocyte infiltration and vascular injury.
P9 depletion of regulatory T cells transgenic (DEREG) mice were exposed to hypoxia-ischemia (HI). Tregs were depleted by IP injection of 
30 ng/g bodyweight DTX at P8 and P10. Analysis was performed in the hippocampus at P16. Micro- and astrogliosis (A) were analyzed by 
immunohistochemistry for Iba-1 and GFAP, respectively (A). Endothelial activation was assessed by quantification of ICAM-1 (intercellular adhesion 
molecule-1) and VCAM-1 (vascular adhesion molecule-1) expression via Western blot, data were normalized to the reference protein GAPDH and 
to PBS-treated female mice (B). Vascular injury and leukocyte accumulation were determined in CD31/Laminin (C) and CD45 (D) stained tissue 
sections by quantification of positively stained areas. Leukocyte localization was characterized in high resolution images of CD45/Laminin staining, 
quantifying the distance of leukocytes to the vasculature in the peri-infarct area (E). Scale bars (A): 250 μm, (C and D): 50 μm, (E): 20 μm. *P<0.05, 
**P<0.01, ***P<0.001. n=9–12/group in A, C–E, n=7–9/group in B. Dashed lines and gray shadows indicate quantiles of sham-operated animals.

https://www.ahajournals.org/doi/suppl/10.1161/STROKEAHA.121.037537
https://www.ahajournals.org/doi/suppl/10.1161/STROKEAHA.121.037537


BASIC AND TRANSLATIONAL 
SCIENCES

Beckmann et al Regulatory T Cells in Neonatal Hypoxia-Ischemia

Stroke. 2022;53:381–390. DOI: 10.1161/STROKEAHA.121.037537� February 2022    387

enhanced vessel association of male Tregs (Figure  1D), 
associated with subacute vascular injury (Figure  3D), 
we analyzed endothelial (VWF [von Willebrand Factor]) 
and platelet (glycoprotein IIb/IIa [CD41]) proteins, both 
involved in the complex cascade of thromboinflammation. 
Analyses were combined with Laminin staining to quan-
tify vessel-associated platelets and to evaluate the early 
degree of vascular injury 48 hours after HI, that is, 24 
hours after the second DTX injection. (Figure 5A). Neither 
the number of intravascular platelets nor immunoreactiv-
ity of VWF were modulated by Treg depletion independent 
of sex (Figure 5B and 5C). Of note, in contrast to results 
obtained 7 days after HI (Figure 3D), early assessment of 
basal laminar integrity revealed no differences (Figure 5D). 
Similarly, though Treg depletion in females significantly 
increased acute apoptotic cell death, no differences were 
detected in males at this early time point (Figure 5E). Fur-
thermore, except of a trend towards increased leukocyte 
infiltration, microglia activation and VCAM-1 expression in 
Treg-depleted females, we detected no significant group 
differences (Figure 5F, Figure S9).

DISCUSSION
Sex differences are increasingly recognized in neo-
natal HI-induced brain injury. While differences in 

proinflammatory responses have been discussed to 
modulate outcome and therapy effects, the impact of sex 
on immunoregulatory and potentially cerebroprotective 
cells in neonatal HI was unknown. The main finding of 
the present study is that female Tregs provide endog-
enous neuroprotection, whereas male Tregs enhance 
secondary neurodegeneration. As potential underlying 
mechanisms, we identified an increased intracerebral 
infiltration and anti-inflammatory activity of female Tregs, 
which were associated with intrinsic transcriptional dif-
ferences. Increased vascular interaction of male Tregs 
and reduced basal lamina disruption after Treg depletion 
suggest that male Tregs induce vascular injury, thereby 
contributing to secondary neurodegeneration.

First clinical and preclinical studies imply an 
increased risk for males to experience an HI insult 
and/or to develop more severe brain injury.2 In line 
with these observations, we detected an increased HI-
induced brain injury in males, which was associated with 
elevated inflammatory responses (ie, microglia activa-
tion) 7 but not 2 days after the insult. These data sug-
gest that sex-differences become particularly evident in 
the phase of secondary neurodegeneration and inflam-
mation. This is supported by Mirza et al,4 who observed 
worse damage and increased pro-inflammatory cyto-
kine expression in brain tissues of males 3 days but not 

Figure 4.  Enhanced immunosuppressive activity in female Tregs is associated with intrinsic transcriptional differences.
Tregs were sorted via FACS from spleens of depletion of regulatory T cells transgenic (DEREG) mice 24 h after hypoxia-ischemia (HI) to assess 
their inhibitory capacity on myeloid cell activation measured by quantification of reactive oxygen species production upon stimulation in the 
absence and presence of Tregs (A). Suppressive activity of Tregs on effector T cells was measured in proliferation assays (B). Serum estradiol 
levels were analyzed via ELISA 48 h after HI (C). Sorted splenic Tregs were used for microarray analyses, gene enrichment plots including the 10 
leading edge genes of the 3 highest enriched gene sets in females compared with males are shown (C). *P<0.05. n=4–5/group in A and B, n=7/
group in C, n=3 samples per group (2 animals pooled per sample) in D.
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1 day after HI. While different innate immune responses 
are widely discussed to contribute to sex-based dif-
ferences in outcome and treatment responses,3,5 the 
impact of sex on cells of the adaptive immune system in 
neonatal HI was unknown. Here, we show an increased 
cerebral Treg infiltration in females, which was selec-
tive for Tregs. In support of clinical findings,23 Treg 
number and frequency did not differ in the spleen and 
blood. However, elevated Treg numbers in female HI-
injured brains were associated with increased chemo-
kine receptor expression, which was only observed in 
the brain. These results may not only explain enhanced 
intraparenchymal localization of female Tregs but also 
indicate that female Tregs acquire enhanced migratory 
capacity during the complex cascade of transmigration 
through the blood brain barrier. In contrast to neona-
tal mice, an increased Treg infiltration was observed in 
aged male mice when compared with females.24 These 
differences might be explained by different time points 
of analyses but also emphasize that findings cannot be 
extrapolated between different ages.

The different Treg infiltration pattern between females 
and males provides a plausible explanation for the 
observed increased acute apoptosis in Treg-depleted 
females 48 hours after HI and a lack of differences in 
males. However, different amounts of infiltrated Tregs 
would not explain subacute neuroprotection in males 
after acute Treg depletion. Previous kinetic studies of 
depletion efficiency showed a gradual increase of Tregs 
after 48 hours and full recovery at 72 hours.25 Since 
Treg recovery was similar in males and females, different 
outcomes between the early (24 hours after DTX) and 
the late analysis time point (144 hours after DTX) sug-
gest that male and female Tregs prime different cellular 
targets in the acute disease phase, thereby modulating 
secondary injury processes. Indeed, early Treg depletion 
resulted in long-lasting effects on neurodevelopmental 
outcome, reflected by improvements of risk assessment/
escape behavior, exploratory activity and cognitive func-
tion in Treg-depleted males. Nevertheless, these results 
seem to contradict recent findings in adult males, dem-
onstrating a clear neuroprotective effect associated with 

Figure 5. Tregs protect from acute hypoxia-ischemia (HI)-induced apoptotic cell death in females but do not modulate early 
vascular injury and neuroinflammatory responses.
P9 depletion of regulatory T cells transgenic mice were exposed to HI. Tregs were depleted by IP injection of 30 ng/g bodyweight DTX 
at P8 and P10. Analyses were performed 48 hours after HI Characteristics of thromboinflammation and vascular injury were analyzed via 
immunohistochemistry for CD41, VWF (von Willebrand Factor), and laminin (A, Scale bar: 20 μm, arrows indicate intravascular platelets). 
Intravascular platelets were counted manually (B). The expression of VWF (C) and degree of vascular injury (D) was assessed by quantification 
of VWF+ and Laminin+ areas. Acute apoptotic cell death and leukocyte infiltration were analyzed by TUNEL staining (E, scale bar: 200 μm) and 
CD45 staining (F, scale bar: 100 μm, arrows indicate leukocytes), respectively. *P<0.05. n=9–10/group.
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reduced neuroinflammatory responses (ie, micro and 
astrogliosis) and improved white matter integrity.8,10 In 
addition to different experimental models and develop-
mental stages, differences in experimental design may 
account for this discrepancy. The aforementioned stud-
ies in adult animals particularly focused on the role of 
Tregs in the chronic disease phase with repetitive DTX 
injections between 8 and 21 days and tissue analyses 
at 14 and 21 days after injury.8,10 In the present work, we 
investigated the role of Tregs in the early injury phase 
with 2 single DTX injections at 1 day before and 1 day 
after HI. Further studies with delayed Treg depletion after 
neonatal HI will be needed.

Being aware about the difficulty to separate cause 
and consequence, our systematic analyses of different 
pathophysiological processes provide first evidence for 
selective cellular targets of female and male Tregs in 
neonatal HI. The association between increased brain 
injury and enhanced microglia and endothelial activation 
as well as elevated leukocyte infiltration in females, imply 
an increased anti-inflammatory activity of female Tregs 
compared with male Tregs. In addition to brain cells, other 
peripheral leukocytes might be target of Tregs thereby 
contributing to different outcomes. This is supported by 
the finding of an increased suppression of effector T 
cell proliferation by female Tregs and an enhanced intra-
parenchymal infiltration of leukocytes in Treg-depleted 
females. Diminished vascular injury in Treg-depleted 
males combined with a strong vessel association of male 
Tregs indicate that they induce injury to the neurovascu-
lar unit through interaction with the vasculature. Accord-
ing to that, previous work in models of adult stroke 
discovered nonimmunologic detrimental effects of Tregs 
by inducing secondary micro-thrombosis.22 In the pres-
ent experimental model, however, we did not detect any 
differences in the amount of intravascular platelets and 
VWF immunoreactivity, as markers for thromboinflamma-
tion. The different age of animals and the selective analy-
sis of 2 proteins might explain this discrepancy.

Our data suggest intrinsic differences between neo-
natal female and male Tregs per se. The female sex hor-
mone estradiol has been described to increase Treg cell 
numbers and function.19 However, in line with previous 
data,4 estradiol levels did not differ between neonatal 
females and males, most likely because of prepubertal 
age. Our first exploratory mRNA expression analyses 
indicate that Treg function differs between neonatal 
females and males, which is supported by a pronounced 
gene enrichment for the mTORC1 and Myc signaling 
pathways, recently linked to increased Treg activity.20,21 
These studies also provided a causal link between these 
pathways and metabolic activity of Tregs.20,21 Of note, in 
addition to mTORC1 and Myc signaling, the third most 
enriched gene set was oxidative phosphorylation, indicat-
ing that increased Treg functionality in neonatal females 
may be attributed to an increased metabolic fitness.21,26 

Nevertheless, further analyses should specifically char-
acterize brain-infiltrated Tregs, which was beyond the 
scope of the present study and is challenging because of 
small cell numbers, as recently demonstrated in a model 
of adult brain ischemia.8

While sex differences in treatment and outcomes in 
adult stroke are often related to steroid hormones, sex-
hormone independent differences may also play a role. 
Our study adds important knowledge to the field, uncover-
ing pronounced intrinsic differences between female and 
male Treg function in ischemic brain injury. The identifi-
cation of important molecular pathways provides an ideal 
starting point for comprehensive proteomic and metabolic 
analyses to determine sex-specific therapeutic targets, 
not only for neonatal HI but possibly also for adult stroke.
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