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Age-dependent cellular reactions of the
human immune system of humanized
NOD scid gamma mice on LPS stimulus
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Abstract

Despite sepsis being a life-threatening disease, targeted drugs that improve the therapy of affected patients are still

lacking. Infants and adults differ in the maturity level of their immune system and this results in distinct reactions to

Gram-negative bacteria. To study reactions of human immune cells in vivo, we used NOD scid gamma mice transplanted

with human CD34þ stem cells to engraft a functional human immune system. Human cells undergo differentiation and

maturation in these mice after transplantation and, accordingly, animals were divided into two groups: 8–13 wk and

15–22 wk after transplantation. Endotoxemia was induced by injecting LPS. Six h later, mice were euthanized. In both

groups, LPS stimulation induced a decrease of CD14þ monocytes in peripheral blood, an up-regulation of activation

markers on different cell subsets such as myeloid dendritic cells, and a release of the human cytokines TNF-a, IL-6 and

IL-10. However, significant differences were detected with regard to the amounts of released cytokines, and 8–13-wk-old

mice produced more IL-6, while PTX3 was mainly released by 15–22-wk-old animals. Thus, here we provide a potential

model for preclinical research of sepsis in infants and adults.
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Introduction

Sepsis is one of the leading causes of death in indus-
trialized countries. In contrast to the systemic
inflammatory response syndrome (SIRS), it is char-
acterized by the presence of an infection additional
to systemic inflammation. Severe sepsis is defined as
sepsis with evidence of acute organ system dysfunc-
tion, whereas septic shock is associated with systemic
arterial hypotension.1 To date, these conditions are
insufficiently manageable. Thirty to 80% of patients
die, even if intensive medical care is provided.2

Sepsis is a severe medical condition because of the
lack of reliable early prognostic markers and owing
to the absence of causal drug therapies besides anti-
biotics, which are unable to relieve the accompany-
ing symptoms. There is an urgent need for the
identification of markers that allow for the verifica-
tion of diagnosis at an early point in time, because
survival of septic patients largely depends on an
early start of therapy.

Sepsis results from an imbalanced and excessive
immune response after infection with pathogens.
Vasodilation and vascular leakage are beneficial local
host defense mechanisms that become harmful when
occurring systemically. Consequently, this inflamma-
tory disorder provokes tissue damage and organ
failure.3

The pathogenesis of sepsis is complex. At first,
innate immune cells react to foreign Ags. Pathogens
enter the body, activate PRRs and, consequently,
leukocytes are recruited and activated. Five families
of PRR have been described so far.4 Among them,
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TLRs play a pivotal role in the pathogenesis of sepsis.5

PRRs are present in cells of the innate immune system,
for example in macrophages or dendritic cells.4 Animal
models, and especially rodent models, are important
tools in preclinical research to gain better insight into
fundamental immunological mechanisms underlying
the disease. In recent years, different animal models
of sepsis have been established.6 The endotoxemia
model is based on an i.p. injection of LPS. Therefore,
this model is easy to standardize regarding morbidity,
as well as the intensity of inflammation, whereas these
same parameters are highly variable in other models
that require surgery.6 Its simplicity and reproducibility
simultaneously reflect its major drawback—the fact
that complex pathophysiological processes during
sepsis caused by viable pathogens might not be reflected
by the model.6 Nevertheless, the endotoxemia model is
well suited for research on major immunological
changes during sepsis;7 consequently, it was chosen
for the present study.

The examination of animals in septic conditions led
to several findings that may contribute to understand-
ing the basic mechanisms of the disease’s pathogenesis,
which enabled us to identify potential diagnostic mar-
kers and therapeutic targets like IL-6 or TNF-a.8,9

Unfortunately, some of the results generated in rodents
could not be translated into clinical context, owing to
the differences in the cellular immunity of humans and
experimental animals, the broad spectrum of infectious
agents in patients and the heterogeneity of subject
groups.10

The development of humanized mice introduced a
new chapter of animal models for immunological
research. Humanized mice are commonly used for the
establishment of malignancy models,11 and models of
infectious diseases like HIV and Dengue virus
infection.12

After the transplantation of human CD34þ cells
from umbilical cord blood, immunodeficient mice
develop a human immune system within several wk.
In these mice, functional populations of human
immune cell lines (e.g. B cells, T cells, monocytes and
granulocytes) differentiate within wk and are able to
release human cytokines like IL-1b, IL-6, IL-10, IL-4,
TNF-a and IFN-g.13 In our previous studies, we
observed that cells that mediate the adaptive immunity
in the human immune system undergo a maturation
process that continues even after engraftment and dif-
ferentiation (unpublished data). In contrast, innate
immune cell counts vary only slightly from wk 8 to
wk 13 after transplantation in peripheral blood,
spleen and bone marrow.

Therefore, the aim of this study was to induce and
characterize sepsis in humanized mice at two different
time points after transplantation of hematopoietic stem
cells. Thus, we classified animals depending on the ratio
of B- and T-cell counts at different ages. One group of

mice was 8–13wk old and the other group is 15–22wk
old. Using this approach, we tested the hypothesis that
the cells of the innate immune system react differently
dependent on the time after stem cell transplantation,
irrespective of cell counts. Eight to 13-wk-old and
15–22-wk-old mice may therefore react differently to
an LPS stimulus. Furthermore, plasma levels of pen-
traxin 3 (PTX3)—a recently discussed prognostic
marker for sepsis in patients14—were investigated in
the humanized endotoxemia model. Our findings
might help to bridge the gap between animal models
and patients of different ages suffering from sepsis.

Materials and methods

Ethic statements

Fresh umbilical cord blood was collected from healthy
full-term pregnancies. From all women who donated
fresh cord blood, written informed consent was
obtained and the study was approved by the local
ethics committee (ethics commission at the medical fac-
ulty of the University of Leipzig: 121-11-18042011).

Animal experiments followed German guidelines for
animal experiments and were approved by the local
animal protection committee (Landesdirektion
Leipzig: registration number TVV 36/12).

CD34þ cell separation from umbilical cord blood

CD34þ cell separation was carried out as described pre-
viously.15 PBMC from fresh umbilical cord blood were
obtained by Ficoll-Paque (PAN Biotech GmbH,
Aidenbach, Germany) density centrifugation. PBMC
were washed three times with PBS containing 0.3mM
EDTA and were then frozen at a rate of 1�C/min in
freezing medium containing 10% DMSO as cryopro-
tectant. For long-term storage, vials were transferred to
liquid nitrogen.

To thaw the cells, RPMI 1640þ 10% FCS was
heated to 37�C and thawing was done as quickly as
possible. After thawing, the cells were transferred into
45ml RPMI and centrifuged (300 g, 5min, 4�C), the
supernatant was discarded and cells were washed in
PBS with 2mM MgCl2þ 10 mg/ml DNAse to digest
redundant DNA and to avoid agglomeration of cells.
After two additional centrifugation steps, CD34þ stem
cells were isolated by positive magnetic selection using
the CD34-MicroBead-Kit, MS columns and a mag-
netic separator (Miltenyi Biotec GmbH, Bergisch
Gladbach, Germany) according to the manufacturer’s
instructions.

Generation of humanized mice

NOD.Cg-PrdcscidIL2rgtm1Wjl/SzJ (NOD scid gamma;
NSG) mice lacking functional mature murine B cells,
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T cells and NK cells were obtained from Jackson
Laboratory,16 and were bred and kept under specific-
pathogen-free conditions at the University of Leipzig.
Newborn mice (24–48 h after birth) of both sexes were
irradiated with 1Gy using a 200 kV X-ray machine
(Gulmay) with a dose rate of 1.12Gy/min, and 3–5 h
later these animals were intrahepatically transplanted
with 2–4� 105 CD34þ stem cells. Blood was taken at
defined time points after engraftment and analyzed by
means of flow cytometric analysis. All humanization
procedures were performed as described previously.16

NSG mice were considered to be humanized and
included in the study when 20% or more of all
CD45þ cells in peripheral blood were of human
origin.17

Classification of mice into experimental groups

Distribution of adaptive human cells in humanized
mice differed depending on time after transplantation.
In earlier experiments we noticed that the B-cell/T-cell
ratio changes over time. Eight to 13wk after stem cell
transplantation, mice showed more B cells than T cells
within the population of human leukocytes (n¼ 27).
We observed a B-cell/T-cell ratio> 4. Mature animals,
that is, mice examined 15–22wk after transplantation
(n¼ 22, showed more balanced proportions of B cells
vs. T cells with a B-cell/T-cell ratio< 4. Therefore, we
divided the humanized mice into two groups, depend-
ing on their B-cell/T-cell ratio.

Exposure to Escherichia coli LPS

Humanized mice were treated i.p. with LPS (from
E. coli; serotype 055:B5; Sigma-Aldrich, Taufkirchen,
Germany). Animals were administered a dose of 5mg/
kg, which was dissolved in 200 ml sterile NaCl. Mice
belonging to control groups received 200 ml NaCl i.p.
Mice were sacrificed 6 h after LPS injection. In sum,
this protocol included the following experimental
groups: mice 8–13wk after stem cell transplantation
treated with LPS (8–13þLPS), n¼ 15; animals
8–13wk after stem cell transplantation that received
NaCl (8–13þNaCl), n¼ 12; mice 15–22wk after stem
cell transplantation with LPS treatment (15–22þLPS),
n¼ 11, and their corresponding control group animals
15–22wk after stem cell transplantation injected with
NaCl (15–22þNaCl), n¼ 11.

All animals were checked hourly during the experi-
ment. The checked parameters were mass, skin, spon-
taneous behavior, posture and fur. None of the animals
dropped out of the study as a result of critical symp-
toms generated by LPS treatment. None of the animals
died during, or had to be killed prior to the end of, the
experimental time.

To evaluate PTX3 levels in plasma, additional
groups of animals 8–13wk after stem cell

transplantation (n¼ 4), as well as mice 15–22wk after
stem cell transplantation (n¼ 7), were euthanized 24 h
after LPS treatment.

Organ harvest

Six or 24 h after injection of LPS or NaCl, mice were
sacrificed with carbon dioxide. Blood was taken by car-
diac puncture, using a 23-gauge needle. Plasma was
obtained by centrifugation of blood and was stored at
–80�C. For each animal, one half of the spleen was
processed for flow cytometric analysis, while the other
half was stored in 4% buffered formaldehyde and pro-
cessed for histologic examination. Bone marrow was
flushed out of femurs using a 27-gauge needle and PBS.

Flow cytometric analysis

To analyze immune cells, flow cytometric assays were
performed using blood, spleen and bone marrow cells.
Therefore, single-cell suspensions were prepared. Cells
were stained using the following Abs (unless otherwise
stated, all obtained from BD Biosciences, Heidelberg,
Germany): anti-human CD3 FITC (clone UCHT 1),
anti-human CD11c PE (cloneB-ly6), anti-human
CD14 APC-Cy7 (clone MphiP9), anti-human CD16
PE-Cy7 (clone NKP15), anti-human CD19-PE (clone
HIB19), anti-human CD25 APC-Cy7 (clone M-A251),
anti-human CD45 APC (clone HI30), anti-mouse
CD45 PerCP (clone 30F11), anti-human CD56 V450
(clone B159), anti-human CD86 V450 (clone FUN-1),
anti-human CD123 PerCP-Cy5.5 (clone 7G3), anti-
human Linage Cocktail 1 FITC and anti-human
CD34 PE (clone AC136; Miltenyi Biotec, Bergisch
Gladbach, Germany). Cells were incubated with those
Abs for 30min at 4�C in the dark. Afterwards, erythro-
cytes were lysed by incubation with BD lysis solution
(BD Biosciences) for 10min at room temperature.
Subsequently, samples were washed twice with PBS
containing 2% FCS, and were finally analyzed on a
FACSCanto II using FACS Diva Software (BD
Biosciences).

Histopathology

For histopathology, spleens were fixed overnight in 4%
ice-cold formaldehyde. After further processing for
histology, all organs were embedded in paraffin
and serial 4-mm-thick sections were cut and mounted
on SuperFrost Plus� slides (Menzel-Gläser,
Braunschweig, Germany). Deparaffinized and rehy-
drated histological sections were immersed in Mayer’s
hemalum solution for 3min and then rinsed in luke-
warm running tap water for 10–15min. This was fol-
lowed by rinsing the sections shortly in distilled water
before counter-staining in 0.2% aqueous eosin staining
solution for 6min. Subsequently, sections were
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dehydrated and covered with Euparal (Carl Roth,
Karlsruhe, Germany).

For each group, a minimum of three hematoxylin
and eosin-stained sections of at least five animals were
analyzed qualitatively regarding the extent of erythro-
cyte infiltration and leukocyte depletion. The person
analyzing the sections was blind with regard to the
experimental group of the respective animal.

Measurement of human and mouse cytokines

Plasma samples of humanized mice were stored at –
80�C. After defrosting, levels of human and mouse
TNF-a, IL-6 and IL-10 were analyzed using
Cytometric Bead Array (all from BD Biosciences:
CBA Mouse TNF Flex Set, 558299; CBA Mouse
IL-6 Flex Set, 558301; CBA Mouse IL-10 Flex Set,
558300; CBA Human TNF Flex Set, 558273; CBA
Human IL-6 Flex Set, 558276; CBA Human IL-10
Flex Set, 558274) according to the manufacturer’s
instructions. The lower detection limits were: 1.2 pg/
ml, human TNF-a; 2.8 pg/ml, murine TNF-a; 1.6 pg/
ml, human IL-6; 1.4 pg/ml, murine IL-6; 0.13 pg/ml,
human IL-10; 9.6 pg/ml, murine IL-10. If measured
values were below these detection limits, they were
set to zero.

Measurement of human and mouse PTX3

Human and murine PTX3 levels in plasma samples
were measured by means of ELISA (Human
Pentraxin 3/TSG-14 Quantikine ELISA Kit,
DPTX30; Mouse Pentraxin 3/TSG-14 Quantikine
ELISA Kit, MPTX30; both from R&D Systems,
Wiesbaden, Germany), according to the manufacturer’s
instructions. Absorbance was read at 450 nm and
570 nm with ELISA reader Tecan Sunrise (Tecan,
Männedorf, Switzerland). Readings at 570 nm were
subtracted from the readings at 450 nm. Data analysis
was accomplished using the MagellanTM Software (ver-
sion 7.1; Tecan), and reported values are based on the
appropriate standard curve.

Statistical analysis

SigmaPlot 11.0 (Systat, Erkrath, Germany) and
PrismGraph 5 (GraphPad Software, La Jolla, CA,
USA) were used for statistical analyses. When
Gaussian distribution and equal variance were
given (tested by SigmaPlot), Student’s t-test for com-
parisons of two groups or one-way ANOVA for
comparisons of more than two groups were used.
Otherwise, Mann–Whitney U-test or Kruskal–Wallis
test were applied. P-Values� 0.05 were considered
statistically significant. To compare intervention
groups, data were normalized to their corresponding
control group.

Results

Transplantation success and assignment
of mice to experimental groups

Newborn NSG mice were transplanted with human
CD34þ cells from umbilical cord blood. Eight to
10wk after transplantation, flow cytometric analysis
was performed with peripheral blood to control the
transplantation success (Figure S1). Human CD45þ

(huCD45þ) cells were detectable in the blood of
these mice (Figure 1C). To assure comparability and
quality of humanization, only mice presenting more
than 20% huCD45þ cells of the total leukocyte popu-
lation in peripheral blood were used for the following
experiments. Differentiated cell counts provided evi-
dence of an ongoing change of the human immune
system in these mice: 8–13wk after stem cell trans-
plantation, the proportion of B cells within the
huCD45þ population was significantly higher com-
pared with mice examined 15–22wk after transplant-
ation. Accordingly, T-cell counts were significantly
lower in younger animals than in older mice (Figure
1B, D). The amount of monocytes in peripheral blood
was similar in both groups. These findings led to the
concept of separating mice into two groups dependent
on their B-cell/T-cell ratio and on the time after trans-
plantation (Figure 1A). Group 8–13þLPS was
injected with LPS 8–13wk after stem cell transplant-
ation and group 15–22þLPS was subjected to that
same treatment 15–22wk after transplantation.

Comparison of both control groups (8–13þNaCl
and 15–22þNaCl) revealed significantly higher
huCD45þ cell counts in blood (53.4%� 5.5%) of ani-
mals 15–22wk after stem cell transplantation when com-
pared with the immature control group 8–13wk after
transplantation (37.6%� 3.7%) (Table S1). There was
a similar trend with regards to the bone marrow,
whereas the number of huCD45þ cells in spleens of
both control groups did not differ significantly
(P¼ 0.129). In all investigated organs (blood, spleen,
bone marrow), the number of T cells was higher and
the number of B cells was lower in 15–22þNaCl-
injected animals than in 8–13þNaCl-treated mice
(Figure 2). In spleens of 8–13þNaCl mice the relative
amount of myeloid DCs (mDCs), plasmacytoid DCs
(pDCs) and granulocytes, all cells of innate immune
system, was significantly higher than in 15–22þNaCl
mice (Table S1).

Reaction of cell subset distribution to LPS stimulus

Humanized mice were injected with 5mg/kg LPS 8–13
or 15–22wk after stem cell transplantation. Mice were
euthanized 6 h after intervention. To monitor changes
in human cell subset distributions upon stimulation
with LPS, flow cytometry was performed with blood,
spleen and bone marrow. To determine changes after
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LPS treatment, mice were compared with their respect-
ive control groups.

All LPS-treated animals showed clinical signs of the
treatment like less mobility and buckled posture during
the experimental time. None of the animals died prior
the end of the experimental time.

Animals at different time points after stem cell
transplantation reacted differently to LPS stimula-
tion. In blood samples obtained from both groups,
B-cell counts increased significantly; at the same
time, T-cell counts decreased significantly in mice
8–13wk after transplantation. In both groups, mono-
cytes were detectable in lower quantities when com-
pared with their control groups and, again, this
tendency reached statistical significance in animals
8–13wk after stem cell transplantation The only sig-
nificant change detectable in spleen and bone

marrow with respect to huCD45þ subpopulations
before and after LPS treatment was the decrease in
CD34þ cells in spleen of 15–22-wk-old mice after
LPS treatment (Table 1).

Between animals 8–13 and 15–22wk after trans-
plantation that received LPS, B cells in blood of
younger mice (8–13þLPS) could be detected in a sig-
nificantly lower amount than in 15–22þLPS mice. The
amount of CD45þ cells was significantly higher in
8–13þLPS mice than in 15–22þLPS in blood and
bone marrow. Concerning cells of the innate immune
system the amount of mDCs in spleens of 8–13þLPS
mice was significantly higher than in animals 15–22wk
after transplantation. The group of 8–13þLPS ani-
mals showed a lower amount of CD14þ monocytes in
blood and bone marrow than in 15–22þLPS mice
(Table 2).

Figure 1. Development of human immune cells in humanized mice. (A) Mice of different ages have been used in the experiment. The

figure shows age distribution of all animals that were used in the study. Black bars represent animals 8–13 wk after transplantation

(n¼ 31) and how many mice per age were included in the study. Gray bars show mice 15–22 wk after stem cell transplantation

(n¼ 29). (B) Within the huCD45þ population, subpopulations differ during time course after stem cell transplantation. Retro-orbital

blood samples were used and flow cytometric analysis was performed to determine human immune populations in mice before the

experiment started. Each symbol represents one animal. Red lines show mean� SEM. The number of B cells in animals 8–13 wk after

stem cell transplantation (n¼ 31) was significantly higher than in animals 15–22 wk after stem cell transplantation (n¼ 29), whereas T

cells could be detected in a significantly lower number in 8–13-wk-old animals than in 15–22-wk-old animals. The numbers of

monocytes in both groups was similar (Mann–Whitney U-test; *** P� 0.001). (C) Newborn mice were intrahepatically transplanted

with huCD34þ stem cells. To monitor the transplantation success, peripheral blood was analyzed by means of flow cytometric analysis

at different time points after transplantation. The left dot plot shows leukocytes of a successfully transplanted mouse at 15 wk after

transplantation. Human and mouse leukocytes can be differentiated. Within all living leukocytes, 35.4% are murine and 53.8% have

human origin. In the right dot plot human CD45þ cells are plotted against sideward scatter (SSC). Population (a) represents

lymphocytes, whereas population (b) consists of monocytes and population (c) represents granulocytes. (D) Distribution of huCD45þ

subpopulations differs during time course after transplantation. Dot plots depict representative percentages of huCD19þ and huCD3þ

within the population of huCD45þ.
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Expression of surface activation markers after
LPS stimulus

mDCs and pDCs (for gating strategy see Figure S2) are
important APCs. They originate from myeloid or
lymphoid hematopoietic precursor cells and are import-
ant links between the innate and the adaptive immune
system. DCs recognize Ags and phagocytize them.
Afterwards, they become activated and present those
Ags together with MHC II and co-stimulatory mol-
ecules to T cells.18 Activation markers like HLA-DR
or the co-stimulatory molecules CD80 and CD86 are
up-regulated on APCs in response to stimulation by
foreign Ags; therefore, they are commonly used as mar-
kers for immune stimulation. During activation of
human DCs, early signs of activation are up-regulation

of MHC II and CD86.19 In the present study, they were
used to monitor the response of human leukocytes to
the inflammatory LPS stimulus.

To determine changes after LPS treatment, experi-
mental groups were compared with their respective con-
trol groups. HLA-DR was detected in a higher mean
fluorescence intensity (MFI) on monocytes in blood
and bone marrow of LPS treated mice than in their
control group. CD86 was detected in a higher MFI
on mDCs in blood of both intervention groups com-
pared with their respective controls (Table 3). To inves-
tigate the activation status of T cells, CD25 was used.
There is a tendency of an enhancement of the amount
of CD25 in T cells in blood, spleen and bone marrow
after LPS administration to both LPS treated animal
groups.
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Figure 2. B- and T-cell distribution in blood, spleen and bone marrow in mice 8–13 wk after stem cell transplantation and 15–22 wk

after stem cell transplantation. Animals 8–13 wk after transplantation (a.t.), as well as 15–22 wk a.t., were injected with NaCl and

euthanized 6 h afterwards. Blood samples and organs were used to investigate leukocyte subpopulations by flow cytometry. Columns

(meanþ SEM) show amounts of B cells and T cells within the population of human CD45þ cells in % for 8–13 and 15–22 wk a.t.

animals in (A) blood, (B) spleen and (C) bone marrow. White columns with vertical stripes represent amount of B cells in animals 8–

13 wk a.t. (n¼ 12 in blood, n¼ 9 in spleen, n¼ 9 in bone marrow); gray columns with vertical stripes show B cells in animals 15–22 wk

a.t. (n¼ 10 in blood, n¼ 11 in spleen, n¼ 11 in bone marrow), white columns with horizontal stripes represent the amount of T cells

in animals 8–13 wk a.t. (n¼ 12 in blood, n¼ 9 in spleen, n¼ 9 in bone marrow) and gray columns with horizontal stripes show T cells

in animals 15–22 wk a.t. (n¼ 10 in blood, n¼ 11 in spleen, n¼ 11 in bone marrow). Mann–Whitney Rank Sum Test was performed,

significant differences are marked by asterisks, *** P� 0.001, *P� 0.05. n.s.: not significant.
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Table 1. Distribution of different leukocyte cell subsets in blood, spleen and bone marrow in group 8–13þNaCl, group 8–13þ LPS,

group 15–22þNaCl and group 15–22þ LPS.

Group 8–13þNaCl Group 8–13þ LPS

n Mean SEM n Mean (5 mg/kg) SEM P

Blood (%)

CD45þcells 12 37.56 3.67 15 47.99 4.96 0.127

B cells 12 64.97 3.22 15 77.86 2.75 0.005

T cells 12 7.26 1.71 15 6.50 1.61 0.678

Monocytes 12 4.49 0.54 15 1.20 0.39 < 0.001

mDCs 5 3.36 2.02 8 1.24 0.77 0.524

pDCs 5 1.05 0.52 8 0.28 0.14 0.093

Granulocytes 9 5.52 2.11 10 3.44 1.15 0.566

CD34þ cells 3 3.63 2.09 4 5.08 1.79 0.400

Spleen (%)

CD45þ cells 9 67.54 3.88 13 56.87 5.60 0.170

B cells 9 76.32 4.29 13 72.13 4.03 0.317

T cells 9 3.39 0.95 13 6.01 1.17 0.121

Monocytes 9 4.01 0.85 12 3.98 1.10 0.593

mDCs 5 1.44 0.41 8 1.93 0.55 0.542

pDCs 5 0.82 0.14 8 0.90 0.20 0.777

Granulocytes 6 12.65 2.17 8 12.35 4.95 0.345

CD34þ cells 3 2.77 1.17 5 3.24 0.73 0.728

Bone marrow (%)

CD45þ cells 9 66.03 4.87 13 70.29 3.78 0.423

B cells 9 74.56 3.93 13 74.96 2.32 0.925

T cells 9 0.10 0.02 13 0.29 0.18 0.969

Monocytes 8 3.25 0.82 13 3.41 0.60 0.638

mDCs 4 0.80 0.21 8 1.05 0.39 0.676

pDCs 4 1.91 0.65 8 1.22 0.46 0.406

Granulocytes 6 5.42 3.12 8 7.31 2.38 0.491

CD34þ cells 3 6.07 3.05 5 7.68 1.59 0.618

Group 15–22þNaCl Group 15–22þ LPS

n Mean SEM n Mean (5 mg/kg) SEM P

Blood (%)

CD45þ cells 10 53.44 5.51 9 39.68 4.45 0.073

B cells 10 36.31 6.32 11 56.74 3.71 0.010

T cells 10 40.03 5.96 11 25.33 3.52 0.043

Monocytes 11 4.02 0.81 11 2.55 0.98 0.108

mDCs 11 2.36 0.67 11 1.16 0.22 0.356

pDCs 11 1.98 0.64 11 1.32 0.44 0.575

Granulocytes 10 5.18 1.85 9 5.35 2.12 0.916

CD34þ cells 10 1.20 0.47 11 1.98 0.45 0.130

Spleen (%)

CD45þ cells 11 72.63 5.56 11 63.17 5.25 0.224

B cells 11 57.21 6.35 11 59.76 4.50 0.746

T cells 11 29.90 6.04 11 22.19 3.74 0.291

Monocytes 11 4.03 1.53 11 3.99 1.54 0.818

mDCs 11 0.61 0.18 11 0.29 0.05 0.246

pDCs 11 0.28 0.09 11 0.40 0.08 0.341

(Continued)
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Table 2. Differences of leukocyte subpopulations in blood, spleen and bone marrow between normalized data of intervention

groups 8–13þ LPS and 15–22þ LPS.

Group 8–13þ LPS Group 15-22þ LPS

n Median 25% 75% n Median 25% 75% P

Blood (%)

CD45þ cells 15 118.7 82.5 175.8 9 68.4 56.6 87.5 0.014

B cells 15 120.1 118.2 131.6 11 157.0 144.9 174.5 < 0.001

T cells 15 79.9 46.9 107.1 11 61.5 38.4 68.8 0.406

Monocytes 15 13.4 2.8 41.7 11 31.3 16.6 72.5 0.054

mDCs 8 3.0 0.0 50.6 11 54.2 30.2 58.3 0.104

pDCs 8 0.0 0.0 62.0 11 75.0 10.0 82.8 0.098

Granulocytes 10 46.2 3.6 96.0 11 63.5 16.8 121.2 0.503

CD34þ cells 4 104.6 77.1 202.3 10 141.7 108.3 241.7 0.288

Spleen (%)

CD45þ cells 13 81.3 58.2 107.3 11 88.8 82.0 104.8 0.806

B cells 13 100.2 85.8 108.7 11 111.0 89.3 113.3 0.292

T cells 13 153.4 87.0 284.7 11 61.9 52.8 80.0 0.056

Monocytes 12 66.2 46.2 107.5 11 34.8 15.5 207.5 0.166

mDCs 8 93.8 55.6 211.8 11 49.4 32.9 61.8 0.034

pDCs 8 91.5 67.1 134.1 11 105.6 70.4 211.3 0.649

Granulocytes 8 68.4 49.8 91.3 6 106.3 58.3 133.3 0.491

CD34þ cells 5 108.4 69.6 163.5 5 0.0 0.0 4.5 0.003

Bone marrow (%)

CD45þ cells 13 114.1 96.2 121.8 11 61.8 32.6 107.5 0.049

B cells 13 102.3 93.2 104.4 11 125.4 93.2 137.6 0.202

T cells 13 100.0 75.0 125.0 11 13.2 10.1 30.9 0.177

Monocytes 13 89.2 58.5 120.8 9 154.1 108.2 177.9 0.071

mDCs 8 75.5 23.3 257.9 11 47.8 17.9 99.6 0.433

pDCs 8 47.2 3.4 120.7 11 39.7 24.8 63.7 0.537

Granulocytes 8 113.5 45.2 194.8 11 59.2 14.6 166.1 0.804

CD34þ cells 5 120.3 95.6 161.9 11 81.2 34.4 129.0 0.164

Data are shown as %-change of control. Significant values are shown in bold.

Table 1. Continued.

Group 8–13þNaCl Group 8–13þ LPS

n Mean SEM n Mean (5 mg/kg) SEM P

Granulocytes 15 2.42 0.98 8 2.73 0.72 0.393

CD34þ cells 11 1.87 0.50 8 0.05 0.04 0.031

Bone marrow (%)

CD45þ cells 11 58.26 7.30 11 42.77 7.47 0.154

B cells 11 54.95 4.39 11 60.71 6.18 0.456

T cells 11 9.86 2.89 11 5.55 3.28 0.088

Monocytes 11 3.05 0.56 9 5.37 1.69 0.110

mDCs 11 2.51 0.65 11 1.72 0.49 0.278

pDCs 11 3.02 0.91 11 1.46 0.35 0.358

Granulocytes 11 6.08 1.82 11 7.06 2.71 0.818

CD34þ cells 11 6.90 1.22 11 5.69 1.14 0.477

CD34þ cells 11 6.90 1.22 11 5.69 1.14 0.477

Significant values are shown in bold.
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Table 3. Distribution of activation markers on different cell subsets in blood, spleen and bone marrow in group 8–13þNaCl, group

8–13þ LPS, group 15–22þNaCl and group 15–22þ LPS.

Group 8–13þNaCl Group 8–13þ LPS

n Mean SEM n Mean (5 mg/kg) SEM P

Blood (MFI)

HLA-DR

monocytes

12 23,922 3629 15 51,897 9584 0.020

CD86

monocytes

12 765 139 15 1131 215 0.294

HLA-DR

mDCs

5 87,132 20870 8 77,314 10,174 0.645

CD86

mDCs

5 496 65 8 888 193 0.030

HLA-DR

pDCs

5 29,942 4214 8 37,063 6250 0.429

CD86

pDCs

5 415 59 8 2103 1805 0.222

CD25

B cells

9 635 152 10 504 116 0.206

CD25

T cells

9 187 111 10 520 421 0.967

Spleen (MFI)

HLA-DR

monocytes

9 25,696 2823 12 27,981 4358 0.915

CD86

monocytes

9 745 155 12 986 197 0.376

HLA-DR

mDCs

5 58,577 10,763 8 52,331 13,150 0.354

CD86

mDCs

5 446 141 8 637 239 0.570

HLA-DR

pDCs

5 15,966 2025 8 23,396 5762 0.348

CD86

pDCs

5 282 142 8 552 594 0.222

CD25

B cells

9 800 214 13 986 492 0.689

CD25

T cells

9 1919 605 13 2535 844 0.640

Bone marrow (MFI)

HLA-DR

monocytes

9 10,393 1394 12 23,852 3407 0.004

CD86

monocytes

9 551 105 12 1130 225 0.082

HLA-DR

mDCs

5 85,144 14,760 8 79,814 18,264 0.435

CD86

mDCs

5 575 161 8 1574 496 0.724

HLA-DR

pDCs

5 15,727 1988 8 22,105 3228 0.177

CD86

pDCs

5 208 71 8 222 105 0.922

CD25 B cells 10 181 37 10 276 47 0.132

CD25 T cells 10 3621 2174 10 14,328 13,582 0.678

(continued)
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Table 3. Continued.

Group 15–22þNaCl Group 15–22þ LPS

n Mean SEM n Mean (5 mg/kg) SEM P

Blood (MFI)

HLA-DR

monocytes

12 23,922 3629 15 51,897 9584 0.020

CD86

monocytes

12 765 139 15 1131 215 0.294

HLA-DR

mDCs

5 87,132 20,870 8 77,314 10,174 0.645

CD86

mDCs

5 496 65 8 888 193 0.030

HLA-DR

pDCs

5 29,942 4214 8 37,063 6250 0.429

CD86

pDCs

5 415 59 8 2103 1805 0.222

CD25

B cells

9 635 152 10 504 116 0.206

CD25

T cells

9 187 111 10 520 421 0.967

Spleen (MFI)

HLA-DR

monocytes

9 25,696 2823 12 27,981 4358 0.915

CD86

monocytes

9 745 155 12 986 197 0.376

HLA-DR

mDCs

5 58,577 10,763 8 52,331 13,150 0.354

CD86

mDCs

5 446 141 8 637 239 0.570

HLA-DR

pDCs

5 15,966 2025 8 23,396 5762 0.348

CD86

pDCs

5 282 142 8 552 594 0.222

CD25

B cells

9 800 214 13 986 492 0.689

CD25

T cells

9 1919 605 13 2535 844 0.640

Bone marrow (MFI)

HLA-DR

monocytes

9 10,393 1394 12 23,852 3407 0.004

CD86

monocytes

9 551 105 12 1130 225 0.082

HLA-DR

mDCs

5 85,144 14,760 8 79,814 18,264 0.435

CD86

mDCs

5 575 161 8 1574 496 0.724

HLA-DR

pDCs

5 15,727 1988 8 22,105 3228 0.177

CD86

pDCs

5 208 71 8 222 105 0.922

CD25 B

cells

10 181 37 10 276 47 0.132

CD25 T

cells

10 3621 2174 10 14,328 13,582 0.678
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Interestingly, there were differences between both
control groups (8–13þNaCl and 15–22þNaCl) as
well. In the blood of NaCl-treated 15–22 mice, the
MFI of HLA-DR on monocytes and pDCs was signifi-
cantly higher when compared with NaCl-treated 8–13
animals. Spleen pDCs of 15–22þNaCl mice showed a
significantly lower MFI of CD86 compared with
8–13þNaCl mice (Table S2).

To compare both LPS-treated groups of animals,
data were normalized to their respective controls.
Therefore, the mean values of the appropriate controls
were set to 100% for each parameter (see Table 4). In
blood and bone marrow, MFI of HLA-DR on mono-
cytes was significantly higher in 8–13 LPS-treated ani-
mals than in mice 15–22wk after stem cell
transplantation that were injected with LPS. CD86 on
blood mDCs was significantly higher in 8–13þLPS
mice than in 15–22þLPS animals. In the spleen,
expression of HLA-DR on mDCs was significantly
greater in animals 15–22wk after transplantation than
in mice 8–13wk after transplantation.

Histological changes after LPS stimulation

In patients with sepsis or septic shock, marked morpho-
logic changes of spleens become apparent.20 Thus,
spleens of humanized mice with endotoxemia were ana-
lyzed histologically in order to evaluate if this feature of
the human disease is reflected by our model as well. In
comparison with non-humanized NSG mice, which dis-
play an immature spleen structure because of their lack
of constituting cell types like B and T cells (data not
shown), stem cell-transplanted humanized animals
showed a regularly developed white pulp with follicles
and red pulp with sinusoids covered by lymphocytes,
and only few erythrocytes were present.

Histological changes after LPS stimulation were
qualitatively analyzed with a focus on the extent of
infiltration and leukocyte depletion in the HE stained
slices of spleens. Mice of both groups treated with LPS
(15–22þLPS and 8–13þLPS) showed increased infil-
tration of erythrocytes and leukocyte depletion com-
pared with animals that received only NaCl
(Figure 3). There were no differences between the
spleens of older and younger mice, neither between
the control groups nor in the LPS-treated groups.

Cytokine production after LPS stimulus

To verify the functionality of human immune cells in
the endotoxemia model, cytokine levels in blood
plasma were quantified by means of cytometric bead
array (CBA). Human cells of both animals 8–13 and
15–22wk after stem cell transplantation were able to
produce different cytokines in response to injection of
LPS. When compared with the appropriate control
groups (8–13þNaCl, 15–22þNaCl), significant

increases of plasma levels of TNF-a, IL-6 (data not
shown) and IL-10 (Figure 4B) could be measured for
both intervention groups (8–13þLPS, 15–22þLPS).

To compare cytokine concentrations in plasma of
animals 8–13 and 15–22wk after stem cell transplant-
ation after LPS stimulus, data were normalized to their
control groups. Mean values of respective control
groups were calculated and set to 100%. With regard
to measurements of IL-10, only absolute values are
provided as this cytokine was not detectable in control
group 8–13þNaCl.

There was no statistically significant difference
between groups 8–13þLPS and 15–22þLPS for
human and murine TNF-a, but for human IL-6
(Figure 4A). Non-normalized data of IL-10 levels in
animals 8–13wk vs. animals 15–22wk after transplant-
ation were not significantly different (Figure 4B). We
also determined levels of murine cytokines. To compare
data of intervention groups of LPS-injected mice, these
data were also normalized to their respective control
groups. Between both LPS-treated groups, there was
a no significant difference for murine TNF-a and IL-6
(Figure 4).

PTX3 production after LPS stimulus

PTX3 was shown to be a specific prognostic marker of
sepsis in patients.21 To confirm that our humanized
endotoxemia model reflects clinical practice, we exam-
ined whether PTX3 was elevated in blood plasma of
humanized mice treated with LPS.

For this experiment, additional cohorts of animals
8–13wk and 15–22wk after stem cell transplantation
were sacrificed 24 h after LPS intervention.

Animals at different time points after transplantation
were able to produce human PTX3 after LPS stimula-
tion. Compared with their respective control groups
(8–13þNaCl and 15–22þNaCl), levels of PTX3
increased significantly in LPS-treated 8–13-wk-old and
LPS-injected 15–22-wk-old mice (data not shown).

In the plasma of LPS-treated animals 8–13wk after
transplantation that were sacrificed after 24 h, higher
concentrations of PTX3 could be detected than in ani-
mals 6 h after LPS intervention that were the same age.
This difference was also evident in animals 15–22 wk
after transplantation (Figure 5). To compare data of
LPS-treated animal groups, data were normalized to
the respective control groups. Means of control values
were set 100%. PTX3 levels 6 h after LPS injection were
higher in animals 15–22wk after transplantation than
in mice 8–13wk after transplantation. Twenty-four h
after intervention, concentrations of PTX3 were
higher in both LPS-treated groups than in correspond-
ing groups after 6 h. The highest PTX amount was
measured in 15–22-wk-old animals, although there
was no statistically significant difference between the
different intervention groups (Figure 5).
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Table 4. Distribution of expression of activation markers on different cell subsets in blood, spleen and bone marrow between

normalized data of intervention groups 8–13þ LPS and 15–22þ LPS.

Group 8–13þ LPS Group 15–22þ LPS

n Median 25% 75% n Median 25% 75% P

Blood (%)

HLA-DR

monocytes

15 188.6 112.4 273.9 11 72.7 34.5 105.5 0.009

CD86

monocytes

15 135.8 60.5 255.9 11 106.8 28.3 269.4 0.876

HLA-DR

mDCs

8 91.8 59.0 115.4 11 136.7 70.5 223.8 0.148

CD86

mDCs

8 180.2 165.3 253.6 11 21.8 8.1 67.1 0.007

HLA-DR

pDCs

8 107.5 78.5 165.7 11 83.7 53.6 133.4 0.302

CD86

pDCs

8 147.0 100.8 222.5 11 237.1 61.5 427.0 0.536

CD25 B

cells

10 46.2 38.9 124.6 11 84.0 62.2 109.8 0.307

CD25 T

cells

10 31.3 �1.6 251.9 11 72.8 18.8 119.8 0.597

Spleen (%)

HLA-DR

monocytes

12 102.4 76.4 128.6 11 64.8 32.9 222.2 0.782

CD86

monocytes

12 121.4 56.2 200.2 11 36.4 15.5 156.7 0.255

HLA-DR

mDCs

8 64.9 47.2 118.6 11 145.4 120.0 206.5 0.037

CD86

mDCs

8 182.1 65.9 262.4 11 419.6 142.9 570.7 0.091

HLA-DR

pDCs

8 141.9 65.2 210.7 11 176.1 94.7 299.7 0.248

CD86

pDCs

8 186.7 35.5 413.3 11 211.8 102.3 425.5 0.591

CD25 B

cells

13 55.9 24.8 98.9 11 101.6 79.8 119.9 0.061

CD25 T

cells

13 90.0 20.3 179.8 11 67.0 61.2 98.9 0.862

Bone marrow (%)

HLA-DR

monocytes

12 212.3 145.3 288.4 11 62.1 43.4 113.1 0.004

CD86

monocytes

12 201.1 58.6 340.8 11 117.8 24.5 157.3 0.148

HLA-DR

mDCs

8 81.2 58.0 96.0 11 113.6 97.7 188.5 0.147

CD86

mDCs

8 244.8 40.3 523.1 11 118.7 79.0 300.1 0.967

HLA-DR

pDCs

8 119.1 101.9 197.6 11 143.6 64.4 227.4 0.726

CD86

pDCs

8 56.0 43.0 199.0 11 115.3 54.1 231.1 0.342

CD25 B

cells

10 123.2 89.0 217.1 11 63.4 34.8 311.2 0.504

CD25 T

cells

10 23.0 5.6 38.3 11 30.2 16.9 174.0 0.307

Data are shown in %-change of control.
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Calculations for LPS-treated mice revealed that
numbers of human CD16þ granulocytes and human
PTX3 levels of single mice correlated well. The
Spearman’s rank correlation coefficient was R¼ 0.89
(data not shown).

We also determined the concentration of murine
PTX3 in the plasma. In LPS-treated mice (8–13þ
LPS, 15–22þLPS), it was highly elevated when com-
pared with the control groups that were injected with
NaCl (data not shown).

Discussion

In the present study mice were successfully humanized
and developed a human immune system with all main
subpopulations that are present in humans, for example
human B cells, T cells, monocytes and granulocytes. We
saw a process in changing cell distribution of the differ-
ent leukocyte subpopulations during time after trans-
plantation. Based on the time and on a B-cell/T-cell
ratio cutoff, we divided mice into two age groups.
Afterwards the two groups were divided into treatment
and control groups. The treatment groups were injected
i.p. with LPS to investigate the innate immune response
of the xenogene immune system dependent of the time
after transplantation. Both animal groups (8–13-wk-old
and 15–22-wk-old) reacted to LPS stimulation, but the
extent of reaction was different. Similar to humans
the reaction to endotoxin stimulation is dependent on
the maturation of the immune system.22,23 Maddux and
Douglas describe a rapid maturation of the immune
system until the age of 2 yr in humans.22 During this
time the immune response is relatively hypoinflamma-
tory compared with an adult response. This is explained
by a submaximal cytokine production, preferential Th2
cytokine production and a decreased Ag-presenting
capacity. In both age groups in our study we could
prove a change in distribution of human leukocyte sub-
populations and an increase in activation markers on

different cell subsets. The decrease of human monocytes
after LPS intervention in blood was higher in huma-
nized 8–13-wk-old mice. Furthermore, human cells in
these mice produced both pro- and anti-inflammatory
cytokines, as well as PTX3. Eight to 13-wk-old mice
produced significantly more human IL-6 than 15–22-
wk-old mice. The increase of human PTX3 in blood
plasma after LPS treatment of 15–22-wk-old mice was
higher than in 8–13-wk-old mice. Histological analysis
of spleen showed histopathological changes in LPS-
treated humanized mice of both groups compared
with NaCl-treated control animals. Age-dependent
reactions on sepsis were already surveyed in a mouse
model.24 Turnbull et al. performed a CLP (cecal liga-
tion and puncture) procedure with C57BL/6 mice at
different ages and found significant differences in the
outcome of sepsis.24

Interestingly, engrafted human hematopoietic stem
cells in NSG mice showed a profile similar to the
physiological maturation processes in humans. Eight
to 13wk after stem cell transplantation there was a sig-
nificantly higher number of B cells than T cells within
the human leukocyte population in peripheral blood of
humanized mice. Fifteen to 20wk after stem cell trans-
plantation the proportions of B cells and T cells chan-
ged, so that humanized mice showed more T cells than
B cells (Figure 1B). The kinetics of the different human
leukocyte subsets over time has also been described by
Lang et al.25 In particular, their published data about
T- and B-cell kinetics underline our findings. In
humans, the percentage of B cells is higher at birth
and continues to increase for 6mo, followed by a grad-
ual decrease to adult levels by late childhood or early
adolescence. The percentage of T cells gradually
increases to adult levels by the same age range.26 In
our humanized mice we observed a similar effect
(Figure 1B). Thus, the younger mice (8–13wk after
stem cell transplantation) could reflect the lymphocyte
distribution in infants and young children, whereas

Figure 3. Histological sections of spleens stained with hematoxylin and eosin. (A) Spleen of a representative mouse 8–13 wk after

stem cell transplantation that received NaCl. Regularly developed white pulp with lymphocytic follicles is visible (star); sinusoids are

covered by lymphocytes (arrow) and few erythrocytes. (B) Spleen of an animal 8–13 wk after stem cell transplantation treated with

5 mg/kg LPS i.p. The mouse was euthanized 6 h after treatment. White pulp is extremely diminished while red pulp predominates.

Lymphocytic follicles are decreased in size and erythrocytes fill the space between sinusoids.
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mature mice 15–20wk of age might reflect a situation
closer to adults. In humans the number of white blood
cells, including neutrophils, lymphocytes, basophils and
monocytes, declines until the age of 12 yr. In human

neonates the count of monocytes is 60% higher than
in healthy adults.27,28 Besides the different cell counts of
white blood cells there are functional differences, espe-
cially between neonates and adults. Differences in
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Figure 4. Human and murine cytokines in the plasma of humanized mice. Animals were injected with 5 mg/kg LPS or NaCl (0 mg/kg

LPS). After 6 h mice were euthanized. Plasma was collected and used for measurements. The concentrations of both human and

murine TNF-a, IL-6 and IL-10 were analyzed by cytometric bead array. (A) Means of data of NaCl control group were set 100%.

Columns represent change to corresponding control in percent (medianþ upper limit). Mann–Whitney Rank Sum Test was per-

formed, significant differences are marked by asterisks, *P� 0.05; n.s.: not significant. White columns represent animals 8–13 wk after

stem cell transplantation (a.t.) that received 5 mg/kg LPS i.p. (n¼ 15); gray columns represent animals 15–22 wk a.t. that were injected

with 5 mg/kg LPS i.p. (n¼ 11). (B) Columns represent concentrations of human or murine IL-10, respectively, in pg/ml (medianþ upper

limit). Mann–Whitney Rank Sum Test was performed, significant differences are marked by asterisks, ***P� 0.001, **P� 0.01,

*P� 0.05. To compare mice 8–13 wk a.t. and 15–22 wk a.t. Kruskal–Wallis one-way ANOVA was performed. Results did not reach

statistical significance. White striped columns represent animals 8–13 wk a.t. that were injected with NaCl (n¼ 12), white columns

represent animals 8–13 wk a.t. that received 5 mg/kg LPS i.p. (n¼ 15), gray-striped columns represent animals 15–22 wk a.t. that were

injected with NaCl (n¼ 11) and gray columns represent animals 15–22 wk a.t. that were injected with 5 mg/kg LPS i.p. (n¼ 11).
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innate immunity have been described, including neutro-
phil, TLR-dependent and DC immune function.
Neutrophils of human infants show decreased
responses to chemokines. TLR-dependent innate
immunity is impaired in neonates, for example TLR2
and herpes simplex virus interaction, leads to overpro-
duction of IL-6 and IL-8. Immature neonatal DCs have
diminished Ag-presenting ability.28 Although younger
and older mice showed similar numbers of cells of
innate immunity, we wanted to test whether they
react differently on an inflammatory stimulus similar
to the situation in humans.

The human immune system matures, and during this
maturation time it reacts differently in response to sti-
muli than that of adults. Children aged 1–4 yr are
clearly different from adults in terms of underlying dis-
ease, mortality and sites of infection in sepsis.29 The
human neonatal innate immune system is also imma-
ture compared with that of adults, likely contributing

to the increased susceptibility to infection.30 Thus,
many differences between the developing immune
system in children and the already matured immune
system in adults are observed. We observed a similar
change in leukocyte subpopulations regarding time
after transplantation of CD34þ cells in humanized
mice, and aimed to study the reactions and differences
therein after LPS stimulation. Other groups have
already studied humanized NSG mice in the context
of sepsis. Whereas Unsinger et al. used a different endo-
toxemia model called cecal ligation and puncture (CLP)
and focused on apoptosis of immune cells in sepsis,31

Skirecki et al. used 4-wk-old NSG mice that were trans-
planted with stem cells.32 For actual experiments they
used mice 7wk after transplantation and performed
both the LPS injection and CLP. They were interested
in stem cell release, for example in the bone marrow in
the context of sepsis.32 The LPS endotoxemia model
was also used by Gille et al.33 In their study, mice at
the age of around 10wk were humanized by stem cells
obtained from children with malignancies. A second
animal group received cord blood stem cells as pups.
These animal groups were compared in the context of
sepsis concerning myeloid lineage of immune cells.33 In
the present study NSG mice were transplanted as pups.
Therefore, it was possible to see the de novo develop-
ment of human immune cells in immunodeficient mice
and the reaction on an inflammatory insult of this
immune system at different maturation stages.

In humanized mice human immune cells and their
functionality can be determined in vivo. Using them as
model organisms implies closer to the patient’s
situation.

Regarding adaptive immunity, sepsis-induced apop-
tosis of lymphocytes leads to lymphopenia in patients
and it involves all types of T cells.34 By tendency, a
decrease of T cells after LPS administration in both
younger (8–13wk) and older (15–22wk) animals was
detectable in the recent study.

The typical decrease of monocytes in sepsis was
detectable in both younger and older mice as it was
described by Hotchkiss et al. in humans.35 Monocytes
can undergo apoptosis, immigrate to the site of the
stimulus or loose the CD14 cell surface marker by dif-
ferentiating into more specialized subtypes. Werra et al.
described in 2001 a monocyte count decrease in patients
with septic shock because of a reduced expression of
CD14, but the whole complex mechanism still remains
unclear.36 Some groups, for example, Brandtzaeg
et al.,37 investigated whether anti-inflammatory cyto-
kines might be responsible for the profound down-
regulation of CD14 on monocytes observed in the
blood of human septic shock patients. They suggest
that the anti-inflammatory ‘principles’ in septic shock
plasma have a stronger impact on the activation state
of human monocytes than do the pro-inflammatory
cytokines.37 Interestingly, down-regulation of CD14
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Figure 5. Human PTX3 level 6 h and 24 h after LPS injection.

Humanized mice 8–13 and 15–22 wk after stem cell transplant-

ation were treated i.p. with LPS in a dose of 5 mg/kg (8–13þ LPS;

15–22þ LPS). Six or 24 h after treatment mice were sacrificed.

Plasma was used to measure human PTX3 by means of ELISA.

The means of both control groups (8–13þNaCl, n¼ 12; 15–

22þNaCl, n¼ 9) were set 100%. Columns (medianþ upper

limit) show change to respective control groups in % at different

time points after intervention. Twenty-four h after injection of

LPS, human PTX3 concentrations increased in animal groups 8–

13þ LPS and 15–22þ LPS compared with the corresponding

values after 6 h. White column represents PTX3 levels of animals

8–13 wk after stem cell transplantation (a.t.) 6 h after LPS treat-

ment (n¼ 15), black and white squared column shows animals 8–

13 wk a.t. 24 h after intervention with LPS (n¼ 4), gray column

demonstrates animal group 15–22 wk a.t. 6 h after LPS i.p.

(n¼ 11) and the squared gray column shows the concentration of

human PTX3 of animals 15–22 wk a.t. 24 h after LPS injection

(n¼ 7). To determine significances between interventions groups

Kruskal–Wallis one way ANOVA on Ranks was performed.

Results did not reach statistical significance.
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expression has recently been shown to be sufficient to
trigger monocyte apoptosis in humans.38 To gain more
insight into the role of human monocytes in sepsis our
humanized model provides a good tool for research
in vivo.

Cells of the innate immune system are in focus with
regard to pathological processes in sepsis. Tanaka et al.
described functional human myeloid subsets in NSG
mice that were humanized with cord blood stem cells.39

Increased expression of MHC class II molecules is
generally regarded as an early activation marker of
DCs. Furthermore, DCs present Ags to T cells with
co-expression of co-stimulatory molecules like
CD86.18,19 In our study, HLA-DR and CD86 on
monocytes and DCs were up-regulated significantly in
blood in LPS-treated groups compared with their
respective controls (Table 3). It shows that human
cells of the innate immune system that developed in
humanized mice are able to react on LPS stimulation.
It is known that DCs activate T cells after being acti-
vated. By tendency, there was an up-regulation of acti-
vation markers of T cells, so it might be suspected if
dendritic cells in these mice are able to bridge the gap
between innate and adaptive immune system. Chen
et al. demonstrated in 2012 that DCs in humanized
mice are not able to activate T cells, but they improved
the functionality of DCs via systemic injection of cyto-
kines before inducing endotoxemia.40 They used mice
12–16wk after stem cell transplantation. We used mice
of same age in the group of mice 8–13wk after stem cell
transplantations, and our findings were comparable
with those of Chen et al.40 However, we also used
older mice 15–22wk after transplantation, and they
reacted differently than the younger mice in our
study. Cells in these mice were more mature and reacted
qualitatively different to immature, 8–13-wk-old, ani-
mals. The aim of the present study was to test the func-
tionality of the immune system of a humanized mouse
model under septic conditions at two different age levels
without any further influence. Hence, mice were not
pretreated with cytokines. When LPS-treated mice
(from both intervention groups) were compared with
their respective control groups a slight, but not signifi-
cant, increase in the activation marker CD25 on T cells
was detectable. To unravel if this was mediated by DCs
further investigations would be necessary. The activa-
tion of T cells is one major task for DCs as APCs.
Compared with other studies the T-cell activation in
our model is not optimal and confines the model intro-
duced in this study.40

While interpreting histological slices of spleens quali-
tatively, it was clearly possible to detect differences
between control and intervention groups, but no differ-
ences between intervention groups 8–13 and 15–22wk
after transplantation became apparent (see Figure 3).
Hematoxylin and eosin-stained spleen slices were exam-
ined, and massive lymphocyte depletion became

obvious. Hotchkiss et al. showed a shrinking of lymph-
oid follicles in the spleens of septic patients in compari-
son with spleens from non-septic patients.20 Therefore,
we conclude that LPS does not only affect humanized
mice on the cellular level by producing cytokines or
adapting the immunological cell subsets, but also on
the level of more complex organized organs like
spleen. The massive depletion of leukocytes and the
occurrence of erythrocyte infiltration might reflect an
upcoming organ dysfunction.20,41

The first stage of sepsis is the hyper-inflammation. In
humans, during that period, activation of TLR2 and
TLR4 leads to massively increased production of pro-
inflammatory cytokines, including TNF-a and IL-6,
which are typical for sepsis.42 During the second stage
anti-inflammatory cytokines like IL-10 are released.43

Septic humanized mice of both ages were able to pro-
duce human cytokines in a composition similar to
patients. As described previously,44,45 the enormous
increase of human IL-6 and TNF-a after LPS admin-
istration is remarkable (Figure 4). In addition, we
found that the extent of the increase of the inflamma-
tory human cytokine IL-6 under LPS influence is sig-
nificantly higher in 8–13-wk-old animals than in 15–22-
wk-old animals (Figure 4A). In infants it is known that
a functional immaturity of TLR2 leads to overproduc-
tion of IL-6.28 Therefore, it might be a hint that the
8–13-wk-old mice reflect this situation better than the
older mice used in this study. In general, both
pro-inflammatory cytokines tested—IL-6 and TNF-
a—increased after LPS stimuli in both groups of trea-
ted mice in comparison with their respective control
groups. It is known that in endotoxemia models the
mentioned cytokines increase massively, and this find-
ing led to the establishment of IL-6 and TNF-a as clin-
ical biomarkers in septic patients.6 Studies in animals
showed that these cytokines cannot work as prognostic
markers, but recent findings show that PTX 3 can be
useful in this context.46

PTX3 is a key component of the humoral innate
immunity and has lately been discussed as a prognostic
marker for septic patients.14 It is a member of the pen-
traxin family, which also includes C-reactive protein
(CRP) and serum amyloid P component protein.
Normally, it is produced locally in response to an
inflammatory insult.47 Cell types that produce PTX3
include macrophages, neutrophils and mDCs, but also
endothelial cells, fibroblasts and smooth muscle cells. It
seems to play a dual role in innate immunity, as shown
by Nauta et al.48 Immobilized PTX3 binds complement
component C1q to induce classical complement activa-
tion. Furthermore, its soluble form inhibits the comple-
ment activation.48 Interestingly, PTX3 values correlate
positively with severity-of-disease classification scores
in sepsis and peak earlier than CRP. PTX3 remains
elevated in the acute phase and decreases on recovery
in patients with sepsis. Healthy donors have a PTX3
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level� 2 ng/ml, whereas in patients with SIRS the
concentration of PTX3 can be up to 200–800 ng/ml
within 6–8 h.49

In the present study, younger as well as older mice
showed a significantly higher concentration of human
PTX3 after LPS stimulation compared with their con-
trol groups. Normalized data indicated a tendency that
in older mice more PTX3 was measurable in the plasma
6 h, and especially 24 h, after LPS stimulation
(Figure 5). Amongst others, granulocytes are one cell
population that produces PTX3. Statistical calculations
for LPS-treated mice revealed that only numbers of
human CD16þ granulocytes and human PTX3 levels
of single mice correlated well. The Spearman’s rank
correlation coefficient was R¼ 0.89 (data not shown).
Hence, we conclude that in our model human granulo-
cytes may be the source of PTX3.

After LPS treatment all mice of the intervention
groups developed clinical symptoms such as ruffled
fur, a changed posture and loss of mass. We also trea-
ted naive NSG mice with LPS (data not shown) and
similar symptoms were detectable. It is very likely that
the LPS stimulation, which essentially triggers the
unspecific immune reaction,50 also stimulates the
murine granulocytes. Human immune cells need to
interact with, for example, host endothelial cells; in
this case, interactions with integrins and/or selectins
are important.31 Therefore, the model described in
this study cannot reflect the complete clinical situation
in humans, but, nevertheless, it provides important
insights on a cellular level.

The main purpose of this study was to establish and
characterize a humanized mouse model of sepsis that
closely reflects the patient situation, owing to the fact
that available rodent models are different in their
immunological reaction to humans. Consequently,
there is an urgent need for functional and close-to-
human disease models to study this severe disease.
Problems of diverse rodent models for sepsis and
septic shock are the difficulties of transferring results
from preclinical therapy studies in animals to clinical
trials.51 After establishing humanized mouse models
with functional immune cells of lymphoid and myeloid
lineage,16,15 it was possible to induce sepsis in this
model.31 In contrast to Unsinger et al. we chose another
endotoxemia model to insure standardization of the
procedure.31 Besides the limitations of an animal
model the advantage of the present study is the com-
parison between younger and older humanized mice in
context of reactions after LPS administration with a
focus on human cells of the innate immune system.
Comparable studies in humanized mouse models for
infections referring to different reactions to infection
stimulation do not exist so far. Human neonates,
young children and adults are different in their
immune system maturation states and react differently
to the same stimuli, such as LPS. Ethical limitations,

especially with regard to children and infants, make
functional animal models necessary. Therefore, in
future it might be possible to test new therapeutic
drugs for sepsis in humanized mouse models that clo-
sely reflect the situation in children and adults. It was
possible to introduce a disease that reflects many
aspects of a patient’s situation during sepsis on a cellu-
lar and histological level. We were able to demonstrate
human PTX3 production by, presumably, human gran-
ulocytes. By means of this model new therapeutic
approaches could be tested and with the help of diag-
nostic markers (e.g. TNF-a) and PTX3 as prognostic
markers, the outcome of potential new drugs could be
evaluated closer to the human situation.

Acknowledgements

The authors thank the staff of the medical experimental center
of the University of Leipzig for the professional keeping of
the mice. Furthermore, we thank the midwives, mothers-to-be
and medical doctors from the Saint Elisabeth Hospital

Leipzig for cooperation and the supply of umbilical cord
blood.

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) received no financial support for the research,
authorship, and/or publication of this article.

References

1. Levy MM, Fink MP, Marshall JC, et al. 2001 SCCM/ESICM/

ACCP/ATS/SIS International Sepsis Definitions Conference.

Crit Care Med 2003; 31: 1250–1256.

2. Angus DC, Linde-Zwirble WT and Lidicker E. Epidemiology of

severe sepsis in the United States: analysis of incidence, outcome,

and associated costs of care. Crit Care Med 2001; 29: 1303–1310.

3. Seeley EJ, Matthay MA and Wolters PJ. Inflection points in

sepsis biology: from local defense to systemic organ injury. Am

J Physiol Lung Cell Mol Physiol 2012; 303: L355–L363.

4. Takeuchi O and Akira S. Pattern recognition receptors and

inflammation. Cell 2010; 140: 805–820.

5. Savva A and Roger T. Targeting toll-like receptors: promising

therapeutic strategies for the management of sepsis-associated

pathology and infectious diseases. Front Immunol 2013; 4: 387.

6. Buras JA, Holzmann B and Sitkovsky M. Animal models of

sepsis: setting the stage. Nat Rev Drug Discov 2005; 4: 854–865.

7. Buras JA, Holzmann B and Sitkovsky M. Model organisms:

animal models of sepsis: setting the stage. Nat Rev Drug Discov

2005; 4: 854–865.

8. Remick DG, Bolgos GR, Siddiqui J, et al. Six at six: interleukin-6

measured 6 h after the initiation of sepsis predicts mortality over

3 days. Shock 2002; 17: 463–467.

9. Bojalil R, Mata-Gonzalez MT, Sanchez-Munoz F, et al. Anti-

tumor necrosis factor VNAR single domains reduce lethality and

regulate underlying inflammatory response in a murine model of

endotoxic shock. BMC Immunol 2013; 14: 17.

10. Fink MP. Animal models of sepsis and its complications. Kidney

Int 2008; 74: 991–993.

274 Innate Immunity 23(3)



11. Wege AK, Ernst W, Eckl J, et al. Humanized tumor mice—a new

model to study and manipulate the immune response in advanced

cancer therapy. Int J Cancer 2011; 129: 2194–2206.

12. Zhang L, Meissner E, Chen J and Su L. Current humanized

mouse models for studying human immunology and HIV-1

immuno-pathogenesis. Sci China Life Sci 2010; 53: 195–203.

13. Cravens PD, Melkus MW, Padgett-Thomas A, et al. Development

and activation of human dendritic cells in vivo in a xenograft

model of human hematopoiesis. Stem Cells 2005; 23: 264–278.

14. Liu S, Qu X, Liu F and Wang C. Pentraxin 3 as a prognostic

biomarker in patients with systemic inflammation or infection.

Mediators Inflamm 2014; 2014: 421429.

15. Shultz LD, Lyons BL, Burzenski LM, et al. Human lymphoid

and myeloid cell development in NOD/LtSz-scid IL2R gamma

null mice engrafted with mobilized human hemopoietic stem

cells. J Immunol 2005; 174: 6477–6489.

16. Scholbach J, Schulz A, Westphal F, et al. Comparison of hem-

atopoietic stem cells derived from fresh and cryopreserved whole

cord blood in the generation of humanized mice. PLOS ONE

2012; 7: e46772.

17. Lee J, Brehm MA, Greiner D, et al. Engrafted human cells gen-

erate adaptive immune responses to Mycobacterium bovis BCG

infection in humanized mice. BMC Immunol 2013; 14: 53.

18. Towarowski A. Die plasmazytoide und die myeloide dendritische

Zelle: Zusammenhang von Toll-like Rezeptor-Expression und
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