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B and T Lymphocyte Densities Remain
Stable With Age in Human Cortex

Kacey Berry1,2 , Daniela S. Farias-Itao3, Lea T. Grinberg2,4,
Edward D. Plowey5, Julie A. Schneider6, Roberta D. Rodriguez7,
Claudia K. Suemoto3, and Marion S. Buckwalter1,8

Abstract

One hallmark of human aging is increased brain inflammation represented by glial activation. With age, there is also dimin-

ished function of the adaptive immune system, and modest decreases in circulating B- and T-lymphocytes. Lymphocytes

traffic through the human brain and reside there in small numbers, but it is unknown how this changes with age. Thus we

investigated whether B- and T-lymphocyte numbers change with age in the normal human brain. We examined 16 human

subjects in a pilot study and then 40 human subjects from a single brain bank, ranging in age from 44–96 years old, using

rigorous criteria for defining neuropathological changes due to age alone. We immunostained post-mortem cortical tissue

for B- and T-lymphocytes using antibodies to CD20 and CD3, respectively. We quantified cell density and made a qualitative

assessment of cell location in cortical brain sections, and reviewed prior studies. We report that density and location of both

B- and T-lymphocytes do not change with age in the normal human cortex. Solitary B-lymphocytes were found equally in

intravascular, perivascular, and parenchymal locations, while T-lymphocytes appeared primarily in perivascular clusters. Thus,

any change in number or location of lymphocytes in an aging brain may indicate disease rather than normal aging.
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More people are reaching older ages than they did a half
century ago, and the average age of our population con-
tinues to increase (Beard et al., 2016). Age-related immune
changes have been well-documented (Frasca et al., 2008).
It is well established that older adults exhibit multiple
signs of impaired immune function, including increased
incidence and severity of infections, and declines in effi-
cacious immune response to vaccines (Frasca et al., 2011;
Nikolich-�Zugich, 2018; Yoshikawa, 2000).

One of the immune shifts that occur with age is a
decrease in circulating adaptive immune cells (B- and T-
lymphocytes). In humans, peripheral B-cells decline by
10-50% during aging (Breitbart et al., 2002; Frasca
et al., 2008), with naive B-cells decreasing while memory
B-cells increase (Ademokun et al., 2010; Frasca et al.,
2011; Scholz et al., 2013). Absolute counts of circulating
T-cells also decrease with age in humans (Freitas et al.,
2019; Jentsch-Ullrich et al., 2005). These declines in the
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blood are coupled with decreased proliferation of B- and
T-cells in bone marrow (Ogawa et al., 2000). Still, whether
adaptive immune cells in humans also decline with age in
other tissue spaces including the brain remains unknown.
Furthermore, data from mice suggest that the trajectory
of B- and T-cell counts with age may vary by tissue and
organ type (Ademokun et al., 2010; Ramos et al., 2017).

In addition to cell-intrinsic changes, a number of pro-
inflammatory and pro-neurodegenerative factors have
been shown to increase in the systemic circulation with
human aging (Pluvinage & Wyss-Coray, 2020). Innate
immune cell activation, involving both microglia and
astrocytes, increases throughout the brain as humans
age (Koellhoffer et al., 2017; Palmer & Ousman, 2018;
Wong, 2013). This activation appears to be influenced by
signaling factors in aging human plasma (Yousef et al.,
2019). Furthermore, these activated innate immune cells
may secrete chemoattractants that recruit adaptive
immune cells (Sokol & Luster, 2015).

Increased innate immune activation with age is consis-
tent with recent findings reporting that T-cells increase in
brains of normal aging mice (Dulken et al., 2019; Mrdjen
et al., 2018). While past published data have established
thatB- andT-cells reside in the normal humanbrain paren-
chyma (Anthony et al., 2003; Busse et al., 2012; Doyle
et al., 2015; Machado-Santos et al., 2018; Merlini et al.,
2018; Togo et al., 2002), much less is known about whether
lymphocyte numbers change in the aging human brain.
Dulken et al. found a strong trend towards roughly twice
the number of CD3þ T-cells in periventricular neurogenic
regions of 6 old human subjects compared to 5 young sub-
jects (Dulken et al., 2019, Table 2). Whether this potential
increase in T-cell density is restricted to this neuroanatom-
ic region has not been studied, and other studies of neuro-
logical disease have not examined age.

To investigate whether the densities of B- and T-lym-
phocytes in the cortex increases with age in humans, we
first performed a small pilot study in normal cortical
post-mortem brain tissue and used immunohistochemistry
to compare the densities of B- and T-cells in young (44–
69 year) and old (81–96 year) subjects. We used this to
power a larger study from a single brain bank (Biobank
for Aging Studies) (Suemoto et al., 2017). In the larger
study, we examined normal cortical brain tissue from 40
individuals, 44–89 years of age. We report these results
here, and compare them to prior studies.

Materials and Methods

Subject Selection

For the pilot study, we obtained “normal” cortical tissue
from two sources: the Rush Alzheimer’s Disease Center
Pathology Core/Rush Memory and Aging Project and
Rush Religious Orders Study (Bennett et al., 2012a,

2012b), and the Department of Pathology of Stanford
University. Six Stanford subjects were selected from a
cohort of 72 participants (ages 44–69) whose brains
were examined in Stanford University Dept. of
Pathology autopsies between 2014 to 2016. Each sub-
ject’s autopsy and brief clinical history reports were
reviewed. Exclusion criteria included a history of solid
organ or bone marrow transplantation or immunosup-
pression. The subjects we selected had brains classified as
either “no significant gross or microscopic pathology” or
“mild to moderate hypertensive vasculopathy,” but no
other findings by Stanford University neuropathologists,
including no evidence of neurodegenerative disease.
While measures were taken to limit the inclusion of par-
ticipants with immunoproliferative diseases, these partic-
ipants happened to be relatively common in the Stanford
University autopsy collection. They were therefore
included when their autopsy showed no significant
pathology. Subjects enrolled from Rush University.
were longitudinally screened for cognitive impairment
before death, and the 9 cases selected from these collec-
tions were not demented, had no or low amyloid and
tangle pathology, no Lewy bodies, no macro or micro-
infarcts, and no hippocampal sclerosis.

After generating data for a power calculation, we
selected 20 subjects less than 65 years old (44–62 years),
and 20 subjects 65 years and older (65–89 years), from a
collection of 1,092 brains at the Universidade de S~ao
Paulo Biobank for Aging Studies (Suemoto et al., 2017).
Clinical data were reviewed, and brain tissue was exam-
ined macroscopically and microscopically by at least one
pathologist. Inclusion criteria were normal cognition
(Clinical Dementia Rating¼ 0), and without significant
neuropathological lesions observed on hematoxylin-
eosin stain, and immunostains for beta-amyloid, phos-
phorylated tau, alpha-synuclein, and TDP-43. Exclusion
criteria were macroscopically detectable acute brain
infarctions or tumors, hemorrhages or trauma, severe sys-
temic chronic conditions (severe heart failure or chronic
kidney failure) that might damage cognitive function prior
to death, acidosis due to severe agonal status (cerebrospi-
nal fluid pH< 6.5), and unreliable clinical information.
We also excluded subjects with a history of systemic
inflammatory disease, and those cases with infections
detected by the autopsy exam.

All studies followed local and federal regulations for
the study of human specimens from deceased subjects,
including the Helsinki Declaration of the World
Medical Association. Research protocols were approved
by their respective local and federal committees.

Tissue Preparation and Immunostaining

Brains were fixed and processed by each brain bank using
routine methods (Bennett et al., 2012a, 2012b; Grinberg
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et al., 2007), and paraffin-embedded sections were pre-
pared from cortical tissue blocks. Stanford and Rush uti-
lized 6 mm-thick midfrontal cortex sections, whereas
Universidade de S~ao Paulo utilized anatomically
matched 5mm-thick tissue sections from prefrontal
cortex (Brodmann area 46).

Tissue from Stanford and Rush was immunostained
for B- and T-lymphocyte markers in the Buckwalter Lab
using the following antibodies: 1:500 CD20 monoclonal
mouse anti-human Dako Clone L26 (Agilent Cat#
M0755, RRID:AB_2282030); 1:100 CD3 monoclonal
mouse anti-human Dako Clone F7238 (Abcam Cat#
ab17143, RRID:AB_302587). Tissue from the Biobank
for Aging Studies was immunostained using the follow-
ing antibodies: CD20 monoclonal mouse anti-human,
Agilent Dako L26 IR60461-2) (Agilent Cat# M0755,
RRID:AB_2282030); CD3 polyclonal rabbit anti-
human, Agilent Dako IR503 (Agilent Cat# IS50330-2,
RRID:AB_2732001). Normal human tonsil tissue was
used as a positive control stain for the pilot study; for
the confirmatory study at Universidade de S~ao Paulo,
human skin tissue was used for positive control CD3
stain, and human lymph node was used as a positive
control CD20 stain.

For the pilot study, tissue was de-paraffinized, rehy-
drated in stepped washes, boiled in citrate buffer (0.01M
sodium citrate, 0.05% Tween, pH¼ 6); permeabilized
(0.3% H2O2, 0.5% Triton-X in 1x PBS), and blocked
overnight at 4� (10% serum in 0.5% Triton-X in PBS).
We incubated slides overnight with primary antibody
(5% blocking serum in 0.5% Triton-X in PBS), and
then with secondary antibody for 4 hours at 25� (1:200
in 5% serum in 1x PBS).

Samples from the Universidade de S~ao Paulo Biobank
for Aging Studies were de-paraffinized and rehydrated,
and epitope retrieval was performed by placing slides in
hot deionized water in PT Link (Agilent Dako) at 97 �C
for 40minutes, followed by four baths of buffer solution
(EnVision Flex Wash Buffer 20x, Agilent Dako).
Endogenous peroxidase was blocked with H2O2

(EnVision Flex Peroxidase-Blocking Reagent, Agilent
Dako) for 10minutes. Tissue was incubated for
35minutes with CD20 (Monoclonal mouse anti-human,
Clone L26, IR60461-2, Agilent Dako) and for 15minutes
with CD3 (Polyclonal rabbit anti-human ready to use,
IR503, Agilent Dako), at room temperature. Secondary
antibody was then applied for 20minutes: EnVision Flex
Mouse Link (Agilent Dako) for CD20, and EnVision
Flex Rabbit Link (Agilent Dako) for CD3. Afterwards,
slides were incubated for 25minutes with polymer
(EnVision Flex HRP system, Agilent Dako). The chro-
mogen (EnVision Flex DABþChromogen diluted in
EnVision Flex Substrate Buffer, Agilent Dako) was
applied for 7minutes. Finally, we washed the slides in
running water for 2minutes, bathed slides in four baths

of ethanol and ten baths of xylene for 15 seconds each,

and then coverslipped (Coversleeper, Agilent Dako).

Quantification and Analysis

The number of CD20þ and CD3þ cells were counted by

a rater who was blinded to demographics. Tissue from

the Stanford and Rush Pathology subjects was counted

manually using a microscope under both 20x and 40x

magnification. Tissue from the Biobank for Aging

Studies was analyzed on scanned slide sections using

Pannoramic Viewer software (Pannoramic Viewer,

RRID:SCR_014424). Lymphocytes in these digital

images were then visualized, also with Pannoramic

Viewer software, and counted manually. We counted

lymphocytes that met the following criteria; morphology

resembling a lymphocyte with round or oval nucleus of at

least 4mm, smooth regular cell membrane borders, a

brown hue consistent with a DAB stain, and present in

perivascular, or parenchymal, or intravascular regions.

In all cases, we counted lymphocytes throughout the

entire tissue section with the exception of meninges

when present. Lymphocytes found in meninges were

excluded to avoid introducing bias given that not all

tissue sections contained meninges. Total tissue area

was quantified using ImageJ software on a whole slide

image; meninges were again excluded. Mean tissue sec-

tion area was 2.6 cm2� 0.85 for pilot test samples, and

2.91 cm2� 0.62 for Biobank for Aging Studies samples.
For analyses, lymphocytes were quantified as the

number of cells per square centimeter (cells per tissue

section/tissue section area (cm2)). Results from samples

from Stanford and Rush were analyzed in a pilot study

and for the power calculation only; they were excluded

from analysis in the large confirmatory study, comprised

only of samples from Universidade de S~ao Paulo.
To ensure that the blind rater who counted the cells

(KB) had strong intra-rater reliability, we randomly

selected 10% of sections to count again after all 40

slides had been counted initially. Sufficient intra-rater

reliability was set at 90% similarity between replicate

counts. Average intra-rater reliability was determined

to be 93% between the two counts and thus sufficient.
Statistical analyses were performed with GraphPad

Prism 8 software (GraphPad Prism, RRID:

SCR_002798). The means of B- and T-lymphocyte den-

sities between groups were compared using a

Kolmogorov-Smirnov test, to allow comparisons across

normal and non-normal data distributions. A

Spearman’s rank correlation coefficient was utilized to

look for associations in non-normal data; Pearson’s

was used for data passing normality testing. Grubbs

analysis was used to identify statistical outliers.
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Results

Pilot Study and Power Calculation

In the pilot study, comprised of tissue samples from
Stanford and Rush, B-cell density in younger subjects
(mean¼ 0.9 cells/cm2� 1.5.) versus older subjects (mean-
¼ 3.0 cells/cm2� 2.6) showed a trend (p¼ 0.066) indicat-
ing that B-cells might increase with age. T-lymphocyte
density in younger subjects (mean¼ 58.7 cells/cm2�
43.9) did not differ significantly from the T-cell density
in older subjects (mean¼ 45.1 cells/cm2� 45.0;
p¼ 0.679). Neither B- nor T-lymphocyte densities
varied between males and females (p¼ 0.622 and 0.660,
respectively). We hypothesized that B-lymphocyte densi-
ty increases in the brain with age, and determined that it
would take a sample size of 19 to detect a 1 cell/cm dif-
ference or more B-cell densities between the age groups
with 80% power.

Subject and Tissue Characteristics

The confirmatory study was comprised of tissue samples
from Universidade de S~ao Paulo only. Of the 1,092 brains
available from Universidade de S~ao Paulo’s Biobank for
Aging Studies collection, roughly 40% fulfilled criteria for
a neuropathological diagnosis. Of the remaining 60% that
met inclusion criteria for “normal” tissue, we selected 40
subjects for our study. Subjects’ ages ranged from 44–96
(Table 1). Sex ratio did not differ between older and youn-
ger brain groups; each contained 13 male and 7 female
subjects. There was a small but statistically significant dif-
ference between length of post-mortem interval in the
younger (13.7� 0.6 hr) vs. older (11.6 hr� 0.8 hr) groups
(unpaired t-test, p¼ 0.048).

Lymphocyte Densities

CD20 staining did not demonstrate a significant differ-
ence in average B-cell density: young subjects’ mean¼ 7.8
cells/cm2� 1.4; old subjects’ mean¼ 6.2 cells/cm2� 1.0;
p¼ 0.875 (Figure 1A). Density of CD20 cells demonstrat-
ed one statistical outlier that was excluded from further
analyses (Subject: male, age 48 years; B lymphocyte den-
sity: 40.1 cells/cm2). CD3 staining also did not demon-
strate a significant difference in average T-cell densities
with age: young subjects’ mean¼ 145.6cm2 �13.9; old
subjects’¼142.3 cells/cm2� 15.8; p¼ 0.560 (Figure 1B).
There was no association between post-mortem interval
and either B- or T-lymphocyte density (B cells, Spearman
r¼�0.230, p¼ 0.158; T cells, Spearman r¼�0.0917,
p¼ 0.574). We also found no difference in lymphocyte
densities by sex for either B- or T-cells (p¼ 0.993 and
p¼ 0.660, respectively).

Finally, we assessed the continuous relationship
between age and B- or T-cell density and found no

significant association between age and lymphocyte den-
sity in linear analysis (Figure 1C and D). Likewise, while
there was evidence of a possible trend toward a weak
correlation between B- and T-cell densities (r¼ 0.302,
p¼ 0.062, Figure 1E), there was no evidence of a statis-
tically significant association between B/T cell ratio and
age (r¼�0.207, p¼ 0.206, Figure 1F).

Lymphocyte Location

We approximated the location of each positively stained
cell in relation to other lymphocytes and to vasculature
(Figure 2). B-cells were most often present as individual
cells, whereas T-cells typically clustered in clumps of 3–20
cells in the perivascular and intravascular spaces. On
average, B-cells localized as follows: 41% parenchymal,
32% perivascular, 27% intravascular. In contrast, the
averages for T-cells were 20% parenchymal, 67% peri-
vascular and 14% intravascular. We also found that
intravascular lymphocyte densities correlated with paren-
chymal and perivascular densities. (B-cells, Spearman
r¼ 0.669, p< 0.0001; T-cells, Spearman r¼ 0.34,
p¼ 0.015).

None of our findings changed in statistical significance
when we excluded intravascular cells from our analysis,
when we considered only parenchymal cells, when we re-
included the statistical outlier in B-cell analysis, or when
we used parametric statistics (unpaired t-tests).

Discussion

We examined lymphocyte densities in the normal human
brain across age. We found no increase in B- or T-lym-
phocyte densities or distribution with age in the normal
human brain. These results are surprising given the
robust existing evidence that brain-innate immune cells
(microglia and astrocytes) become increasingly activated
with age, that activated microglia produce cytokines and
chemokines that have been shown to attract lymphocytes
to the brain in disease states, and that T-lymphocytes
increase in the mouse brain with age (Dulken et al.,
2019; Koellhoffer et al., 2017; Mrdjen et al., 2018;
Palmer & Ousman, 2018; Wong, 2013)). It may be that
such innate activation has no effect on brain-resident
lymphocyte numbers, or that it is seen only in disease
(Schneider et al., 2009, 2007). Moreover, since our inclu-
sion criteria were designed to identify brains in a normal
state, but disease is quite common in the aging brain, our
sample may actually represent a picture of “successful”
rather than normal aging. Further work is necessary to
determine if this is the case.

In our study we utilized a rigorous, systematic selec-
tion of aged human tissue, and analyzed a total of 56
subjects (16 subjects in our pilot study, and 40 subjects
from the Biobank for Aging Studies). This makes it the
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Table 1. Subject Characteristics.

Source Age (years) Sex PMI (hours) Cause of death

Pilot study

Stanford University 44 M 48–72 Pulmonary embolism

Stanford University 48 M 0–24 Metastatic cancer

Stanford University 54 F 0–24 Acute graft vs. host disease

Stanford University 54 F 0–24 Cardiac arrest

Stanford University 58 F 0–24 Metastatic neoplasm

Stanford University 58 F 0–24 Necrotizing cavitary pneumonia

Stanford University 69 M 0–24 Pulmonary embolism

Rush University 81 M 16 Not available

Rush University 81 M 12 Not available

Rush University 84 M 4 Not available

Rush University 86 M 8 Not available

Rush University 87 M 2 Not available

Rush University 91 F 16 Not available

Rush University 93 F 6 Not available

Rush University 94 F 3 Not available

Rush University 96 F 4 Not available

Biobank for aging studies

Universidade de S~ao Paulo 44 F 13 Acute myocardial infarction

Universidade de S~ao Paulo 47 M 17 Pulmonary Edema

Universidade de S~ao Paulo 48 M 16 Acute myocardial infarction

Universidade de S~ao Paulo 49 M 15 Pulmonary Edema

Universidade de S~ao Paulo 52 F 13 Upper digestive hemorrhage

Universidade de S~ao Paulo 52 F 16 Hemopericardium

Universidade de S~ao Paulo 53 F 14 Acute myocardial infarction

Universidade de S~ao Paulo 54 M 18 Acute myocardial infarction

Universidade de S~ao Paulo 54 M 13 Acute myocardial infarction

Universidade de S~ao Paulo 56 M 14 Pulmonary Edema

Universidade de S~ao Paulo 57 M 12 Acute myocardial infarction

Universidade de S~ao Paulo 58 M 12 Acute myocardial infarction

Universidade de S~ao Paulo 58 F 9 Pulmonary Edema

Universidade de S~ao Paulo 59 M 11 Pulmonary Edema

Universidade de S~ao Paulo 60 M 15 Pulmonary Edema

Universidade de S~ao Paulo 60 M 18 Pulmonary Edema

Universidade de S~ao Paulo 61 M 14 Acute myocardial infarction

Universidade de S~ao Paulo 61 F 13 Acute respiratory insufficiency syndrome

Universidade de S~ao Paulo 61 M 9 Acute myocardial infarction

Universidade de S~ao Paulo 62 F 11 Acute myocardial infarction

Universidade de S~ao Paulo 65 F 14 Myocardiosclerosis

Universidade de S~ao Paulo 65 M 9 Pulmonary Edema

Universidade de S~ao Paulo 66 M 11 Hemorrhagic retroperitoneal

Universidade de S~ao Paulo 67 M 15 Acute myocardial infarction

Universidade de S~ao Paulo 69 M 17 Aspiration of gastric contents

Universidade de S~ao Paulo 71 F 6 Acute myocardial infarction

Universidade de S~ao Paulo 74 F 13 Cardiac tamponade

Universidade de S~ao Paulo 75 M 15 Acute myocardial infarction

Universidade de S~ao Paulo 75 M 7 Acute myocardial infarction

Universidade de S~ao Paulo 76 M 9 Pulmonary Edema

Universidade de S~ao Paulo 77 F 11 Hypertrophic Cardiopathy

Universidade de S~ao Paulo 78 F 10 Hemothorax

Universidade de S~ao Paulo 79 M 5 Acute myocardial infection

Universidade de S~ao Paulo 80 M 16 Myocardiosclerosis

Universidade de S~ao Paulo 80 F 17 Pulmonary Embolism

Universidade de S~ao Paulo 83 M 13 Ischemic heart disease

Universidade de S~ao Paulo 84 M 13 Pulmonary Edema

(continued)
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largest study of its kind, 4 times larger than previous
studies of human lymphocyte counts. There was little
prior data on the number of B- and T-cells in the healthy
human brain, or how that number changes with age. A
handful of studies on neuropathological diseases include
data on lymphocyte counts in small numbers of control
human brains (Anthony et al., 2003; Busse et al., 2012;

Doyle et al., 2015; Machado-Santos et al., 2018; Merlini
et al., 2018; Togo et al., 2002) (Table 2). Only two of
these previous papers quantified B-cells in the normal
human brain (Anthony et al., 2003; Doyle et al., 2015).
Several others reported B- and T-cell densities, demon-
strating them to be lower than lymphocyte densities in
brains of people with various neurological, psychiatric,

Table 1. Continued.

Source Age (years) Sex PMI (hours) Cause of death

Universidade de S~ao Paulo 85 M 12 Acute anemia

Universidade de S~ao Paulo 86 M 13 Acute myocardial infarction

Universidade de S~ao Paulo 89 F 5 Acute myocardial infarction

PMI, post-mortem interval.

Figure 1. Density of B- and T-Lymphocytes Did Not Change With Age. There was no significant difference in B- and T-cell densities with
age in human cortical tissue obtained from Universidade de S~ao Paulo, by Student’s t test or linear regression. A: CD20þ B-lymphocytes
per cm2 in young (44–62 years, n¼ 19) and old (65–89 years, n¼ 20) subjects: Young subjects’ mean¼ 7.8 cells/cm2� 1.4; old subjects’
mean¼ 6.2 cells/cm2� 1.0; p¼ 0.875. B: CD3þ T-lymphocytes per cm2 in young (44–62 years, n¼ 20) and old (65–89 years, n¼ 20)
subjects: young subjects’ mean¼ 145.6cm2 �13.9; old subjects’¼142.3 cells/cm2� 15.8; p¼ 0.560. C: Spearman linear regression of
CD20þ B-lymphocyte density with age. D: Pearson linear regression of CD3þ T-lymphocyte density with age. Bars, mean þ/� SEM. E:
Linear regression of CD20þ B-lymphocyte density with CD3þ T-lymphocyte density. F: Linear regression of B:T-lymphocyte (CD20þ:
CD3þ) ratio with age.
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and neurodegenerative diseases, but without reporting
quantification of controls. All sampled fewer than 11
subjects from an age range spanning no more than two
decades, had variable inclusion criteria for defining

“normal” brains, or reported the presence of lympho-
cytes using semi-quantitative or qualitative methods
only. The differences in reported lymphocyte densities

in previously published studies may be due to differences
in protocols such as tissue section thickness, total area of
tissue analyzed, fixation and antibody staining, and/or

quantification methods. Considering differences in sec-
tion thickness, these prior studies may be consistent
with our results.

No previous studies have assessed B-lymphocytes in
the aging human brain. Machado-Santos et al. (2018)

reported that B-cell counts decline with both age and
duration of illness in the brains of people with multiple
sclerosis. However, they did not use controls in their

examination of age changes (Machado-Santos et al.,
2018). and so this may be a disease-specific finding, pos-
sibly related to decreased immune activation with aging
(Nikolich-�Zugich, 2018). Our study demonstrates a non-

significant trend towards lower B-lymphocyte density
with age, so it is possible that with more subjects we
would see a modest decrease in brain density of B-cells.

However, because the trend is largely driven by one
young subject, we think it is more likely that B-cell den-
sity does not decline in healthy brains.

To our knowledge, Dulken et al. (2019) is the only
study to date to have investigated T-cell numbers in the

human brain with age (Dulken et al., 2019). Note that
Gate et al. (2020) reported T-cell numbers in the brains of

participants age-matched to those with Alzheimer’s, but
they did not directly assess age as a factor (Gate et al.,
2020). Dulken et al. (2019) compared T-cell numbers in
older and younger subjects, and reported an increase in
the peri-ventricular region, an area known to be neuro-
genic—one of the few known regions where new neurons

are generated in the adult brain. In addition to this
regional limitation, their study was also limited by
small sample size. Given that the numbers of lympho-
cytes they found in both young and old subjects were
much higher than densities reported in other human

brain lymphocyte studies (Table 2), these intriguing find-
ings may reflect a feature of T-lymphocyte density in this
particular neurogenic brain region rather than more gen-
eralized global brain aging.

Our study is strong not merely because of its large
sample size and rigorous criteria for defining a “normal”
human brain, but also because we included a wide age
range of adult subjects, aged 44–96 in the pilot experi-

ment, and then aged 44–89 years in our study. In partic-
ular, identifying normal subjects of young ages is
challenging. Not all brain banks have large numbers of
subjects younger than 70, let alone those with normal
cognition and an absence of neuropathological changes.

We utilized material from the Biobank for Aging Studies,
which has several advantages. In S~ao Paulo, Brazil, an
autopsy is mandatory in cases where 1) the death is
deemed to be from natural causes, and 2) where the indi-
vidual either did not have medical assistance at the time

of death or when the specific natural cause is otherwise
unclear. The Autopsy Service is the largest morgue serv-
ing the metropolitan area of S~ao Paulo and performs

Figure 2. Lymphocyte Distribution Within the Brain. Representative photomicrographs of immunostaining for CD20 (B-lymphocytes,
top) and CD3 (T-lymphocytes, bottom) in normal human tonsil (left), and within the brain parenchyma, perivascular and intravascular
spaces. On the right are pie charts of the proportion of lymphocytes assigned to each of the three brain locations, representing pooled
data from all subjects. All pictures taken at 400x magnification; Scale bar, 20mm; *intravascular T-cells.
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roughly 14,000 autopsies per year. In addition to provid-
ing the brain tissue itself, the donor’s next-of-kin provide
socio-demographic information that includes the donor’s
years of education, medical history, and lifestyle factors
such as physical activity and socioeconomic status. Age,
gender and race of the subjects were confirmed using the
deceased’s official death certificate.

We also classified lymphocytes according to their loca-
tion within three compartments: intravascular, perivascu-
lar, and intraparenchymal. There was a striking similarity
between these distributions in all cohorts and ages, but
with marked differences between B-cells and T-cells.
B-lymphocytes were typically found as isolated cells,
while T-lymphocytes were usually clumped.
Furthermore, B-cells were evenly distributed throughout
these three locations, while T-cells were largely perivas-
cular. These differences in location and density raise
mechanistic questions about the differences between B-
and T-cell proliferation and/or trafficking within the
brain. It is also interesting that the intravascular counts
of both cell types correlated with cell numbers in the
perivascular space and in the brain. It may be that the
activation state of brain endothelial cells is related to
both, as we know that both decline with age in the
peripheral blood (Ademokun et al., 2010; Frasca et al.,
2011). However, future studies with specific labeling of
blood vessels, and/or tracking of lymphocytes, are
required to answer these questions definitively.

There are limitations to this study. First, our pilot study
had a definition of “normal” that allowed for inclusion of
thosewithmild tomoderate hypertensive vasculopathy; an
inability tomatch by exact region beyond “frontal cortex”;
and an inability to exclude the possibility that methodo-
logical differences between sites might have obscured a
true association between age and lymphocyte density (all
younger subjects came from Stanford University while
older subjects came from Rush University).

We largely overcame these limitations with rigorous
anatomic matching from a single study site with uniform
methodology for our confirmatory study (Universidade
de S~ao Paulo biobank), which we report in detail here. A
limitation remains that our study could not address
whether lymphocyte densities vary with age in regions
outside the cortex, or between gray and white mater.
However, two prior studies found no difference in B-
cell density across many regions, and no differences
between gray and white cortical matter (Anthony et al.,
2003; Bø et al., 2003), suggesting it is plausible that our
findings, which are from mixed cortical white and gray
matter, may generalize to other brain regions. Also, we
did not counterstain for vasculature to precisely define
the location of lymphocytes but rather examined back-
ground tissue density to determine vessel locations.
However, our statistical analyses did not change when
we included vs. excluded intravascular cells, there was

no change in lymphocyte density with age with any com-

bination of compartments included. Finally, we note that

lymphocyte density is not a proxy for lymphocyte func-

tion, nor do the markers CD20 and CD3 capture the

phenotypic diversity of B and T cells that may be present.

Future work is needed to investigate whether there might

be age-related shifts in the sub-types of B and T cells

present in the cortex, even while overall lymphocyte den-

sities remain stable.
We did observe different lymphocyte densities in the

cohorts from Stanford, Rsh and the cohort from

Universidade de S~ao Paulo. Methodological differences

may explain the discrepancy. For example, tissue from

the Stanford and Rush cohorts was stained using different

antibody clones, and analyzed using a live microscope,

while Universidade de S~ao Paulo’s cohort tissue was

counted using images from a digital microscope.

Biological or environmental differences between the

cohorts, such as genetic factors, microbiome differences,

diet, andexposure topollutants or evenparasites (Landrith

et al., 2015), could influence lymphocyte densities.
In conclusion, in this large immunohistochemical

study of human cortical tissue, we found that there was

no difference in density or location of B- and T-lympho-

cytes in the cortex in normal adult individuals with age.

Future studies are needed to understand how neurode-

generative diseases and other diseases of the aged influ-

ence B- and T-lymphocytes within the brain.

Summary Statement

In this immunohistochemical study of 56 human samples,

we found no evidence that B- and T-cell densities change

with age in normal cortex, suggesting that any lympho-

cyte density changes in aged human cortex may suggest

disease and not normal aging.

Acknowledgments

We thank the participants who volunteered to donate their

brains and/or their family members’ brains for research, and

also AE Robinson for cogent manuscript edits.

Author Contributions

Kacey Berry: Funding acquisition, Conceptualization,

Methodology, Investigation, Software and Data Curation,

Formal analysis, Project administration, Validation,

Visualization, Writing of original draft, review and editing of

drafts (No conflict). Daniela Farias-Itao: Funding acquisition,

Investigation, Data curation, Editing of drafts (No conflict).

Lea Grinberg: Conceptualization, Methodology, Funding

acquisition, Project administration, Resources, Supervision,

Review and editing of drafts (No conflict). Edward Plowey:

Investigation, Data curation, Methodology, Editing of drafts

(No conflict). Julie Schneider: Investigation, Data curation,

Funding acquisition, Methodology, Project Administration,

Berry et al. 9



Editing of drafts (No conflict). Roberta Rodriguez:

Investigation, Editing of drafts (No conflict). Claudia

Suemoto: Investigation, Methodology, Project administration,

Supervision, Editing of drafts (No conflict). Marion

Buckwalter: Conceptualization, Methodology, Formal analysis,

Funding acquisition, Resources and Software, Supervision,

Project administration, Visualization, Writing of original

draft, review and editing of drafts (No conflict).

Declaration of Conflicting Interests

The author(s) declared no potential conflicts of interest with

respect to the research, authorship, and/or publication of this

article.

Funding

The author(s) disclosed receipt of the following financial sup-

port for the research, authorship, and/or publication of this

article: This work was supported by UCSF Summer Explore

Fellowship (KCB); American Heart Association/Allen

Initiative in Brain Health and Cognitive Impairment

[9PABHI34580007] (MSB); Leducq Foundation Transatlantic

Network of Excellence [Stroke-IMPaCT] (MSB); National

Institute of Health [K24Ag053435] (LTG); S~ao Paulo

Research Foundation [FAPESP 2017/24066-1] (DSF-I); and

the National Institute of Aging [R01AG017917] (JAS).

ORCID iD

Kacey Berry https://orcid.org/0000-0001-8422-9379

References

Ademokun, A., Wu, Y.-C., & Dunn-Walters, D. (2010). The

ageing B cell population: Composition and function.

Biogerontology, 11(2), 125–137. https://doi.org/10.1007/

s10522-009-9256-9
Anthony, I. C., Crawford, D. H., & Bell, J. E. (2003). B lym-

phocytes in the normal brain: Contrasts with HIV-

associated lymphoid infiltrates and lymphomas. Brain: A

Journal of Neurology, 126(Pt 5), 1058–1067. https://doi.

org/10.1093/brain/awg118
Beard, J. R., Officer, A., de Carvalho, I. A., Sadana, R., Pot,

A. M., Michel, J.-P., Lloyd-Sherlock, P., Epping-Jordan,

J. E., Peeters, G. G., Mahanani, W. R., Thiyagarajan,

J. A., & Chatterji, S. (2016). The world report on ageing

and health: A policy framework for healthy ageing. Lancet

(London, England), 387(10033), 2145–2154. https://doi.org/

10.1016/S0140-6736(15)00516-4
Bennett, D. A., Schneider, J. A., Arvanitakis, Z., & Wilson,

R. S. (2012a). Overview and findings from the religious

orders study. Current Alzheimer Research, 9(6), 628–645.

https://doi.org/10.2174/156720512801322573
Bennett, D. A., Schneider, J. A., Buchman, A. S., Barnes, L. L.,

Boyle, P. A., & Wilson, R. S. (2012b). Overview and findings

from the rush memory and aging project. Current Alzheimer

Research, 9(6), 646–663. https://doi.org/10.2174/

156720512801322663
Bø, L., Vedeler, C. A., Nyland, H., Trapp, B. D., & Mørk, S. J.

(2003). Intracortical multiple sclerosis lesions are not

associated with increased lymphocyte infiltration. Multiple

Sclerosis Journal, 9(4), 323–331. https://doi.org/10.1191/

1352458503ms917oa
Breitbart, E., Wang, X., Leka, L. S., Dallal, G. E., Meydani,

S. N., & Stollar, B. D. (2002). Altered memory B-Cell

homeostasis in human aging. The Journals of Gerontology.

Series A, Biological Sciences and Medical Sciences, 57(8),

B304–B311. https://doi.org/10.1093/gerona/57.8.B304
Busse, S., Busse, M., Schiltz, K., Bielau, H., Gos, T., Brisch, R.,

Mawrin, C., Schmitt, A., Jordan, W., Müller, U. J.,

Bernstein, H.-G., Bogerts, B., & Steiner, J. (2012).

Different distribution patterns of lymphocytes and microglia

in the hippocampus of patients with residual versus paranoid

schizophrenia: Further evidence for disease course-related

immune alterations? Brain, Behavior, and Immunity, 26(8),

1273–1279. https://doi.org/10.1016/j.bbi.2012.08.005
Doyle, K. P., Quach, L. N., Sole, M., Axtell, R. C., Nguyen, T.-

V V., Soler-Llavina, G. J., Jurado, S., Han, J., Steinman, L.,

Longo, F. M., Schneider, J. A., Malenka, R. C., &

Buckwalter, M. S. (2015). B-lymphocyte-mediated delayed

cognitive impairment following stroke. The Journal of

Neuroscience: The Official Journal of the Society for

Neuroscience, 35(5), 2133–2145. https://doi.org/10.1523/

JNEUROSCI.4098-14.2015
Dulken, B. W., Buckley, M. T., Navarro Negredo, P.,

Saligrama, N., Cayrol, R., Leeman, D. S., George, B. M.,

Boutet, S. C., Hebestreit, K., Pluvinage, J. V., Wyss-Coray,

T., Weissman, I. L., Vogel, H., Davis, M. M., & Brunet, A.

(2019). Single-cell analysis reveals T cell infiltration in old

neurogenic niches. Nature, 571(7764), 205–210. https://doi.

org/10.1038/s41586-019-1362-5
Frasca, D., Diaz, A., Romero, M., Landin, A. M., & Blomberg,

B. B. (2011). Age effects on B cells and humoral immunity in

humans. Ageing Research Reviews, 10(3), 330–335. https://

doi.org/10.1016/j.arr.2010.08.004
Frasca, D., Landin, A. M., Lechner, S. C., Ryan, J. G.,

Schwartz, R., Riley, R. L., & Blomberg, B. B. (2008).

Aging down-regulates the transcription factor E2A,

activation-induced cytidine deaminase, and Ig class switch

in human B cells. Journal of Immunology (Baltimore, MD.:

1950), 180(8), 5283–5290. https://doi.org/10.4049/jimmunol.

180.8.5283
Freitas, G. R. R., da Luz Fernandes, M., Agena, F., Jaluul, O.,

Silva, S. C., Lemos, F. B. C., Coelho, V., Elias, D.-N., &

Galante, N. Z. (2019). Aging and end stage renal disease

cause a decrease in absolute circulating lymphocyte counts

with a shift to a memory profile and diverge in Treg popu-

lation. Aging and Disease, 10(1), 49–61. https://doi.org/10.

14336/AD.2018.0318
Gate, D., Saligrama, N., Leventhal, O., Yang, A. C., Unger,

M. S., Middeldorp, J., Chen, K., Lehallier, B., Channappa,

D., Santos, M. B. D. L., McBride, A., Pluvinage, J., Elahi,

F., Tam, G. K.-Y., Kim, Y., Greicius, M., Wagner, A. D.,

Aigner, L., Galasko, D. R., Davis, M. M., & Wyss-Coray, T.

(2020). Clonally expanded CD8 T cells patrol the cerebro-

spinal fluid in Alzheimer’s disease. Nature, 577(7790),

399–404. https://doi.org/10.1038/s41586-019-1895-7
Grinberg, L. T., de Lucena Ferretti, R. E., Farfel, J. M., Leite,

R., Pasqualucci, C. A., Rosemberg, S., Nitrini, R., Saldiva,

10 ASN Neuro

https://orcid.org/0000-0001-8422-9379
https://orcid.org/0000-0001-8422-9379
https://doi.org/10.1007/s10522-009-9256-9
https://doi.org/10.1007/s10522-009-9256-9
https://doi.org/10.1093/brain/awg118
https://doi.org/10.1093/brain/awg118
https://doi.org/10.1016/S0140-6736(15)00516-4
https://doi.org/10.1016/S0140-6736(15)00516-4
https://doi.org/10.2174/156720512801322573
https://doi.org/10.2174/156720512801322663
https://doi.org/10.2174/156720512801322663
https://doi.org/10.1191/1352458503ms917oa
https://doi.org/10.1191/1352458503ms917oa
https://doi.org/10.1093/gerona/57.8.B304
https://doi.org/10.1016/j.bbi.2012.08.005
https://doi.org/10.1523/JNEUROSCI.4098-14.2015
https://doi.org/10.1523/JNEUROSCI.4098-14.2015
https://doi.org/10.1038/s41586-019-1362-5
https://doi.org/10.1038/s41586-019-1362-5
https://doi.org/10.1016/j.arr.2010.08.004
https://doi.org/10.1016/j.arr.2010.08.004
https://doi.org/10.4049/jimmunol.180.8.5283
https://doi.org/10.4049/jimmunol.180.8.5283
https://doi.org/10.14336/AD.2018.0318
https://doi.org/10.14336/AD.2018.0318
https://doi.org/10.1038/s41586-019-1895-7


P. H. N., Jacob Filho, W., & Brazilian Aging Brain Study
Group. (2007). Brain bank of the Brazilian aging brain study
group—A milestone reached and more than 1,600 collected
brains. Cell and Tissue Banking, 8(2), 151–162. https://doi.
org/10.1007/s10561-006-9022-z

Jentsch-Ullrich, K., Koenigsmann, M., Mohren, M., & Franke,
A. (2005). Lymphocyte subsets’ reference ranges in an age-
and gender-balanced population of 100 healthy adults—A
monocentric German study. Clinical Immunology, 116(2),
192–197. https://doi.org/10.1016/j.clim.2005.03.020

Koellhoffer, E. C., McCullough, L. D., & Ritzel, R. M. (2017).
Old maids: Aging and its impact on microglia function.
International Journal of Molecular Sciences, 18(4), 769.
https://doi.org/10.3390/ijms18040769

Landrith, T. A., Harris, T. H., & Wilson, E. H. (2015).
Characteristics and critical function of CD8þ T cells in the
toxoplasma-infected brain. Seminars in Immunopathology,
37(3), 261–270. https://doi.org/10.1007/s00281-015-0487-3

Machado-Santos, J., Saji, E., Tr€oscher, A. R., Paunovic, M.,
Liblau, R., Gabriely, G., Bien, C. G., Bauer, J., &
Lassmann, H. (2018). The compartmentalized inflammatory
response in the multiple sclerosis brain is composed of tissue-

resident CD8þ T lymphocytes and B cells. Brain: A Journal

of Neurology, 141(7), 2066–2082. https://doi.org/10.1093/
brain/awy151

Merlini, M., Kirabali, T., Kulic, L., Nitsch, R. M., & Ferretti,
M. T. (2018). Extravascular CD3þ T cells in brains of
Alzheimer disease patients correlate with tau but not with
amyloid pathology: An immunohistochemical study. Neuro-

Degenerative Diseases, 18(1), 49–56. https://doi.org/10.1159/
000486200

Mrdjen, D., Pavlovic, A., Hartmann, F. J., Schreiner, B., Utz,
S. G., Leung, B. P., Lelios, I., Heppner, F. L., Kipnis, J.,
Merkler, D., Greter, M., & Becher, B. (2018). High-dimen-
sional single-cell mapping of central nervous system immune
cells reveals distinct myeloid subsets in health, aging, and
disease. Immunity, 48(2), 380–395.e6. https://doi.org/10.
1016/j.immuni.2018.01.011

Nikolich-�Zugich, J. (2018). The twilight of immunity: Emerging
concepts in aging of the immune system. Nature

Immunology, 19(1), 10–19. https://doi.org/10.1038/s41590-
017-0006-x

Ogawa, T., Kitagawa, M., & Hirokawa, K. (2000). Age-related
changes of human bone marrow: A histometric estimation of
proliferative cells, apoptotic cells, T cells, B cells and macro-
phages. Mechanisms of Ageing and Development, 117(1–3),
57–68. https://doi.org/10.1016/s0047-6374(00)00137-8

Palmer, A. L., & Ousman, S. S. (2018). Astrocytes and aging.
Frontiers in Aging Neuroscience, 10, 337. https://doi.org/10.
3389/fnagi.2018.00337

Pluvinage, J. V., & Wyss-Coray, T. (2020). Systemic factors as
mediators of brain homeostasis, ageing and neurodegenera-
tion. Nature Reviews Neuroscience, 21(2), 93–102. https://
doi.org/10.1038/s41583-019-0255-9

Ramos, G. S., van den Berg, A., Nunes-Silva, V., Weirather, J.,
Peters, L., Burkard, M., Friedrich, M., Pinnecker, J.,
Abeßer, M., Heinze, K. G., Schuh, K., Beyersdorf, N.,
Kerkau, T., Demengeot, J., Frantz, S., & Hofmann, U.
(2017). Myocardial aging as a T-cell-mediated phenomenon.
Proc Natl Acad Sci U S A, 114(12), E2420–E2429.

Schneider, J. A., Aggarwal, N. T., Barnes, L., Boyle, P., &
Bennett, D. A. (2009). The neuropathology of older persons
with and without dementia from community versus clinic
cohorts. Journal of Alzheimer’s Disease, 18(3), 691–701.

https://doi.org/10.3233/JAD-2009-1227
Schneider, J. A., Arvanitakis, Z., Bang, W., & Bennett, D. A.

(2007). Mixed brain pathologies account for most dementia
cases in community-dwelling older persons. Neurology,
69(24), 2197–2204. https://doi.org/10.1212/01.wnl.
0000271090.28148.24

Scholz, J. L., Diaz, A., Riley, R. L., Cancro, M. P., & Frasca,
D. (2013). A comparative review of aging and B cell function
in mice and humans. Current Opinion in Immunology, 25(4),
504–510. https://doi.org/10.1016/j.coi.2013.07.006

Sokol, C. L., & Luster, A. D. (2015). The chemokine system in
innate immunity. Cold Spring Harbor Perspectives in

Biology, 7(5), a016303. https://doi.org/10.1101/cshperspect.
a016303

Suemoto, C. K., Ferretti-Rebustini, R. E. L., Rodriguez, R. D.,
Leite, R. E. P., Soterio, L., Brucki, S. M. D., Spera, R. R.,
Cippiciani, T. M., Farfel, J. M., Chiavegatto Filho, A.,
Naslavsky, M. S., Zatz, M., Pasqualucci, C. A., Jacob-
Filho, W., Nitrini, R., & Grinberg, L. T. (2017).
Neuropathological diagnoses and clinical correlates in
older adults in Brazil: A cross-sectional study. PLoS

Medicine, 14(3), e1002267.
Togo, T., Akiyama, H., Iseki, E., Kondo, H., Ikeda, K., Kato,

M., Oda, T., Tsuchiya, K., & Kosaka, K. (2002). Occurrence
of T cells in the brain of Alzheimer’s disease and other neu-
rological diseases. Journal of Neuroimmunology, 124(1–2),
83–92. https://doi.org/10.1016/S0165-5728(01)00496-9

Wong, W. (2013). Microglial aging in the healthy CNS:
Phenotypes, drivers, and rejuvenation. Frontiers in

Cellular Neuroscience, 7, 22. https://doi.org/0.3389/fncel.
2013.00022

Yoshikawa, T. T. (2000). Epidemiology and unique aspects of
aging and infectious diseases. Clinical Infectious Diseases: An

Official Publication of the Infectious Diseases Society of

America, 30(6), 931–933. https://doi.org/10.1086/313792
Yousef, H., Czupalla, C. J., Lee, D., Chen, M. B., Burke, A. N.,

Zera, K. A., Zandstra, J., Berber, E., Lehallier, B., Mathur,
V., Nair, R. V., Bonanno, L. N., Yang, A. C., Peterson, T.,
Hadeiba, H., Merkel, T., K€orbelin, J., Schwaninger, M.,
Buckwalter, M. S., & Wyss-Coray, T., (2019). Aged blood
impairs hippocampal neural precursor activity and activates
microglia via brain endothelial cell VCAM1. Nature

Medicine, 25(6), 988–1000. https://doi.org/10.1038/s41591-
019-0440-4

Berry et al. 11

https://doi.org/10.1007/s10561-006-9022-z
https://doi.org/10.1007/s10561-006-9022-z
https://doi.org/10.1016/j.clim.2005.03.020
https://doi.org/10.3390/ijms18040769
https://doi.org/10.1007/s00281-015-0487-3
https://doi.org/10.1093/brain/awy151
https://doi.org/10.1093/brain/awy151
https://doi.org/10.1159/000486200
https://doi.org/10.1159/000486200
https://doi.org/10.1016/j.immuni.2018.01.011
https://doi.org/10.1016/j.immuni.2018.01.011
https://doi.org/10.1038/s41590-017-0006-x
https://doi.org/10.1038/s41590-017-0006-x
https://doi.org/10.1016/s0047-6374(00)00137-8
https://doi.org/10.3389/fnagi.2018.00337
https://doi.org/10.3389/fnagi.2018.00337
https://doi.org/10.1038/s41583-019-0255-9
https://doi.org/10.1038/s41583-019-0255-9
https://doi.org/10.3233/JAD-2009-1227
https://doi.org/10.1212/01.wnl.0000271090.28148.24
https://doi.org/10.1212/01.wnl.0000271090.28148.24
https://doi.org/10.1016/j.coi.2013.07.006
https://doi.org/10.1101/cshperspect.a016303
https://doi.org/10.1101/cshperspect.a016303
https://doi.org/10.1016/S0165-5728(01)00496-9
https://doi.org/0.3389/fncel.2013.00022
https://doi.org/0.3389/fncel.2013.00022
https://doi.org/10.1086/313792
https://doi.org/10.1038/s41591-019-0440-4
https://doi.org/10.1038/s41591-019-0440-4

	table-fn1-17590914211018117
	table-fn2-17590914211018117

