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MRSA (Methicillin-resistant Staphylococcus aureus) is the second-leading cause of
deaths by antibiotic-resistant bacteria globally, with more than 100,000 attributable
deaths annually. Despite the high urgency to develop a vaccine to control this
pathogen, all clinical trials with pre-clinically effective candidates failed so far. The recent
development of “humanized” mice might help to edge the pre-clinical evaluation closer to
the clinical situation and thus close this gap. We infected humanized NSG mice (huNSG:
(NOD)-scid IL2Rg

null mice engrafted with human CD34+ hematopoietic stem cells) locally
with S. aureus USA300 LAC* lux into the thigh muscle in order to investigate the human
immune response to acute and chronic infection. These mice proved not only to be more
susceptible to MRSA infection than wild-type or “murinized” mice, but displayed
furthermore inferior survival and signs of systemic infection in an otherwise localized
infection model. The rate of humanization correlated directly with the severity of disease
and survival of the mice. Human and murine cytokine levels in blood and at the primary site
of infection were strongly elevated in huNSG mice compared to all control groups. And
importantly, differences in human and murine immune cell lineages surfaced during the
infection, with human monocyte and B cell numbers in blood and bone marrow being
significantly reduced at the later time point of infection. Murine monocytes in contrast
behaved conversely by increasing cell numbers. This study demonstrates significant
differences in the in vivo behavior of human and murine cells towards S. aureus infection,
which might help to sharpen the translational potential of pre-clinical models for future
therapeutic approaches.
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INTRODUCTION

Staphylococcus aureus is one of the most successful pathogens of
our time and an efficient colonizer, which can be transmitted in
community and healthcare. It causes a wide range of infections
from skin and soft tissue infections to life-threatening diseases like
pneumonia, endocarditis and bacteremia (1, 2). Its high genetic
variability and flexibility as well as its infamous feature of
developing or acquiring antibiotic resistance makes this
pathogen a major problem for our healthcare systems and
causes high costs and many deaths every year. Its Methicillin-
resistant variant (MRSA) is the second-most leading cause of
attributable deaths to antibiotic-resistant bacteria world-wide (3).

Despite the undeniable and urgent need for new therapeutics,
particularly for a vaccine, the development has been hampered
by poor correlation of pre-clinical and clinical efficacy (4, 5).
Two explanations have been proposed for this discrepancy
since most pre-clinical studies were performed in mouse
models: (i) S. aureus is well known for a long list of virulence
factors like bi-component toxins, surface proteins and
immunomodulators, that act with different efficiency against
human and murine immune components (6–8) and (ii) the
human’s and the mouse’s immune system react differently to
an encounter with S. aureus (9).

In consequence, the main idea to resolve this problem has been
to adapt the pre-clinical models in order to become more
representative for the clinical situation in humans. “Humanized
mice” –mice with a human immune system –might be a first step
tomeet these needs. The most widespread type of humanized mice
is the NSG ((NOD)-scid IL2Rg

null) mouse engrafted with human
(CD34+) hematopoietic stem cells (huNSG), which constitute a
human immune system in this mouse (10, 11). A limited number
of earlier studies about S. aureus infection in humanized mice have
already proven, that these mice are more susceptible to infection
with this pathogen (12–15). Since most of these studies focused on
the short-term or local effects of S. aureus challenge in humanized
mice, we wondered how the human immune cells adapt during a
longer period of infection and whether we can see differences
emerge between the murine and the human immune response
over the course of infection.

To this end, we infected humanized mice locally in the thigh
muscle with S. aureus and monitored the local course of infection
as well as the systemic spreading of the bacteria. Furthermore, we
correlated the rate of humanization in these mice with the severity
of infection. Finally, in an effort to examine the immune system’s
struggle between fighting the pathogen on one hand and limiting
the inflammation on the other hand, we characterized the
recruitment of human and murine immune cells from/to bone
marrow, spleen and blood, as well as the repertoire of human and
murine cytokines in blood and the infected thigh muscle.
MATERIAL AND METHODS

Ethics Statement
All animal studies were approved by the local government of
Lower Franconia, Germany (approval numbers 55.2-2532-2-836
Frontiers in Immunology | www.frontiersin.org 2
and 55.2-2532-2-1129) and performed in strict accordance with
the guidelines for animal care and experimentation of the
German Animal Protection Law and the DIRECTIVE 2010/63/
EU of the EU. The animals were housed in cages under
standardized lighting conditions and had ad libitum access to
food and water. All in vivo imaging was performed under
isoflurane anesthesia, and all efforts were made to minimize
suffering. All experimentations with anonymized and non-
traceable human cord blood were approved by the ethics
committee of the University Würzburg.

Humanization and Murinization Procedure
(Incl. CD34+ Isolation)
Female and male NSG (NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ) mice
from the Jackson Laboratories (Bar Harbor, ME, USA) or female
Balb/c mice (BALB/cJRj, Janvier labs, Le Genest-Saint-Isle,
France) were used for all experiments. Human CD34+
hematopoietic stem cells were isolated from human cord blood
by magnetic separation (EasySep™ Human Cord Blood CD34
Positive Selection Kit II, STEMCELL technologies, Cologne,
Germany) following the manufacturer’s protocol and purity
controlled by flow cytometry. Humanized NSG (huNSG) mice
were generated by engraftment of 100,000 hCD34+ cells (of a
donor mix) at the age of 6 – 8 weeks, similar to the procedures
described in earlier publications (15–18). Briefly, mice received
whole-body irradiation with a sub-lethal dose of 2 Gy and
hematopoietic stem cells were administered intravenously 2
hours later. For the generation of murinized NSG mice
(muNSG), mice were treated as the huNSG mice, but received
100,000 bone marrow cells from a Balb/c donor instead of
human CD34+ cells. The peripheral blood of huNSG mice was
analyzed for the presence and frequency of murine CD45+, as
well as human CD45+, CD3+ and CD20+ cells at week 18 post
engraftment by flow cytometry.

Thigh Infection Model (Incl. Bacterial
Burden)
HuNSG mice were infected at 18 weeks post engraftment.
Therefore, the left thigh of each mouse was shaved, disinfected
and 1 x 108 CFU of bioluminescent S. aureus LAC* lux (19) was
injected into the muscle as described before (20). The infection
dose was generated from an overnight shaking culture (at 37°C)
in B medium by pelleting the bacteria, resuspending them and
diluting them to the final concentration in sterile 0.9% NaCl
solution. Age-matched muNSG, wild-type NSG and Balb/c mice
served as controls to investigate differences during the course of
infection. The wellbeing of each mouse was inspected and scored
every 12 hours p.i. and the weight measured every 24 hours. Mice
were either sacrificed at day 2 or at day 7 p.i. with the exception
of seven huNSG mice and one wild-type NSG mouse that
reached the humane end point of the experiment prematurely.
At each end point, we harvested the infected thigh muscle,
kidneys, liver, spleen and heart, as well as peripheral blood and
bone marrow from tibia and femur from each mouse. The thigh
muscle, kidneys, liver and heart were homogenized in 0.9% NaCl
and serial dilutions were plated on B agar plates in order to
June 2022 | Volume 13 | Article 892053
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determine the bacterial burden. The spleens were homogenized
by pressing through a 70 µm filter with 0.9% NaCl. Serial
dilutions of this cell homogenate were then plated on B agar
plates to determine the bacterial burden. Cell suspensions from
the bone marrow were harvested by flushing both femurs and
tibias of each mouse with 0.9% NaCl solution.

In Vivo Bioluminescence Imaging (BLI)
All infected mice were monitored by in vivo Bioluminescence
Imaging (BLI) throughout the course of infection as described
earlier (21). Briefly, starting at 5 min p.i. and followed by 24 h
inspection intervals, the luminescence signal of each mouse was
measured from dorsal view with a Lumina II bioluminescence
imager (PerkinElmer, Waltham, MA, USA). The signal of the
infected thigh muscle was measured by LivingImage 3.2 software
(PerkinElmer, Waltham, MA, USA) within a region of interest
with same geometry and size for each mouse and time point
(imaging settings: exposure, 120 s; FStop, 1; excitation, block;
emission, open; FOV, D; height, 1.5 cm).

Flow Cytometry
All flow cytometric analyses were performed and analyzed on a
MACSQuant flow cytometer (Miltenyi Biotec, Bergisch
Gladbach, Germany). Human CD34+ hematopoietic stem cell
purity was checked by staining the isolated cells with anti-human
CD34 and anti-human CD3 antibodies. Cells were only used for
humanization, when purity was > 85% CD34+ cells of all cells
and CD3 T cells < 1% of all cells. At the end of the humanization
period, the peripheral blood was stained after red blood cell lysis
with anti-mouse CD45 and anti-human CD45/CD3/CD19
antibodies to monitor the rate of humanization (which was
hCD45+ cells/(hCD45+ cells + mCD45+ cells)). Spleen cell
suspensions were stained after red blood cell lysis with anti-
human CD45/CD3/CD19 antibodies, bone marrow cell
suspensions with anti-human CD45/CD14/CD66b/CD19
antibodies and peripheral blood at the end of the infection
experiments with combinations of anti-human CD45/CD3/
CD4/CD8/CD19/CD14/CD66b and anti-mouse CD45/Ly6C/
Ly6G antibodies. The gating strategy is outlined in Figure S4.
All antibodies were supplied by Miltenyi Biotec (Bergisch
Gladbach, Germany).

Determination of Cytokine Levels and
Myeloperoxidase Activity
For determination of cytokine levels and myeloperoxidase activity,
the thigh muscle homogenate was centrifuged at 3,000 x g for 5
minutes and the supernatant stored at -80°C until further
processing. The peripheral blood samples were agglutinated
overnight at 4°C, then centrifuged at 15,000 x g for 15 minutes,
the serum harvested and stored at -80°C until cytokine
measurement. Levels of human or murine MCP-1, IL-1b, IL-6,
IL-10, IL-17A, IFN-g and TNF-a in the infected thigh muscles or
peripheral blood were measured with custom-mixed Luminex
assays from Bio-Techne (Wiesbaden, Germany) following the
manufacturer’s manual. As internal cross-reactivity controls, we
Frontiers in Immunology | www.frontiersin.org 3
applied samples of the cytokine/chemokine standards of the
mouse cytokine kit for the measurements with the human
cytokine kit and vice versa, but could only detect neglectable
cross-reactivity. Myeloperoxidase activity in the infected thigh
muscle was measured with small adaptions as described earlier
(13). Briefly, 50 µL supernatant of an 1.25% dilution of thigh
muscle homogenate in PBS was mixed 1:1 with 3,3’,5,5’-
tetramethylbenzidine (TMB) (Thermo Fisher Scientific,
Waltham, MA, USA) and incubated for 15 minutes at room
temperature. The reaction was stopped by adding another 50 µL
2N H2SO4 to the reaction and the absorbance at 450 nm
determined with a microplate reader. Results are expressed as
arbitrary units (AU).
RESULTS

Humanized NSG Mice Are More
Susceptible to Localized Infection
With MRSA
Since a limited number of earlier studies of S. aureus infection in
humanized mice showed higher susceptibility (12–15), we
wondered whether the severity of S. aureus infection in our
deep-tissue abscess model is increased, too. Therefore, we
humanized 6 – 8 weeks old NSG mice by the administration of
human cord-blood isolated CD34+ hematopoietic stem cells.
After 18 weeks of engraftment, we checked the frequency and
number of human CD45+ cells in the blood and included only
mice with more than 10% human CD45+ blood cells among all
CD45+ cells (humanization rate) into the infection experiments.
The average humanization rate for the mice applied in this study
was 25.1% (range: 10.9 – 54.5%). We applied three control
groups: wild-type NSG mice, wild-type Balb/c mice, which are
regularly used to investigate S. aureus infection, and murinized
NSG (muNSG) mice, which served to exclude a possible
influence of the humanization process on the outcome of the
infection experiments. The wild-type NSG mouse group was not
irradiated since we found no difference in the number of murine
neutrophils or monocytes at 18 weeks post irradiation in a pilot
experiment (with n = 3), which was in accordance with earlier
results by others (22). The murinized mice were generated by the
same procedure as humanized mice but received murine bone
marrow cells (from Balb/c mice) instead of human CD34+
hematopoietic stem cells. This engraftment resulted in the
establishment of a murine instead of a human immune system
in otherwise immunodeficient NSG mice.

Applying bioluminescence imaging on a daily basis
during the S. aureus infection allowed to monitor the
bacterial burden and local spreading during the course
of the infection (exemplary mice are depicted in Figure S1).
The humanized mouse group showed a significantly higher
signal intensity than all other groups as early as 24 hours
p.i. and remained significantly stronger throughout the
experiment (Figure 1A).
June 2022 | Volume 13 | Article 892053
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This observation was confirmed by the bacterial burden in the
infected thigh muscle (Figure 1B). The infected thigh muscles of
HuNSG showed an almost 10-fold higher bacterial load at day 7
p.i. compared to all other groups, including immunodeficient wt
NSG mice. Of particular interest in this regard is, that while all
other mouse groups were able to reduce or control the number of
bacteria in the infected thigh, the number of bacteria in the
HuNSG group increased significantly (p = 0.0187) between day 2
and day 7 p.i. and was at both time points higher than the initial
inoculum of 108 CFU.

Impaired Survival of HuNSG After
Localized Infection and Signs of
Systemic Disease
The wellbeing of each individual mouse was judged daily based
on a score sheet throughout the whole infection experiment and
score points assigned accordingly. The score sheet included
Frontiers in Immunology | www.frontiersin.org 4
physical signs of disease like weight loss (Figure S2) or heavy
breathing and behavioral signs like reduced activity or
hunchback posture. The only signs of disease (besides the
abscess formation) encountered in all mice except the huNSG
group and one wild-type NSG mouse was a moderate loss of
weight, especially in the first two days after infection (Figure S2).
The huNSG group, in contrast, lost weight continuously and
heavily during the whole course of infection and showed
additionally severe signs of disease. In consequence, 7 of 20
mice from the huNSG group (and one wild-type NSG mouse)
reached the humane end point, which defined the maximum of
animal suffering that is acceptable for our experimental purpose.
Since these mice had to be sacrificed and removed from the
experiment, we designated them as “dead” and plotted them in a
survival plot to visualize the impact of localized thighmuscle
infection with S. aureus for each group (Figure 2A). The huNSG
mouse group showed significantly inferior survival to all other
A

B

FIGURE 1 | The course of MRSA thigh muscle infection in humanized and control mouse groups. Mice were infected with 1x108 CFU S. aureus LAC* lux into the
left thigh muscle. (A) Bioluminescence signal of the luciferase-expressing bacteria at the primary site of infection (thigh muscle) was measured every 24 hours.
Depicted are the mean radiance levels +/- SEM for each respective group. Statistical significance was tested for each time point with Kruskal-Wallis test. (B) The
infected thigh muscles were recovered at either day 2 or day 7 p.i., homogenized and plated in serial dilutions on agar plates to determine the bacterial burden.
Shown are the individual colony-forming-units (CFU) per mouse and the corresponding medians per group. Statistical significance was determined by Kruskal-Wallis
with Dunn’s post-test (*p ≤ 0.05, ***p ≤ 0.001, ****p ≤ 0.0001).
June 2022 | Volume 13 | Article 892053
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mouse groups which raised the question, how local S. aureus
infection in the thigh muscle could cause this dramatic escalation
of disease.

A possible explanation for this severity of disease might be
spreading of bacteria from the local site of infection to inner
organs, thus causing systemic infection. This would be
particularly interesting since the applied S. aureus USA300
derivate is notorious for causing skin and soft tissue infections,
but also for systemic, life-threatening infections (1, 23).
Frontiers in Immunology | www.frontiersin.org 5
In order to test this hypothesis, we investigated the bacterial
burden in liver, kidneys, heart and spleen of all mice. The
bacterial colonization of these organs was highly diverse and
showed no clear picture for each organ at its own, but gave a
distinct pattern, when all investigated inner organs were assumed
as one combined system. Adding the numbers of all bacteria in
these organs showed a significantly higher bacterial burden in the
inner organs of huNSG mice compared to Balb/c and muNSG
group mice (Figure 2B). Only the wild-type NSG mouse group
A

B

C

FIGURE 2 | Mortality of the locally infected mice, signs of systemic infection and humanization rates of the humanized mice groups. (A) Seven of 20 humanized
mice and one of 14 wild-type NSG mice reached the humane end point during the course of infection. These mice were removed from the experiment and counted
as “dead”. Statistically significant differences between the groups were tested with Log-rank (Mantel-Cox) test. (B) The spleen, heart, liver and kidneys were
recovered at the indicated time points and the bacterial burden determined. Displayed are the individual values per mouse and the corresponding median per group.
(C) The percentage of tested inner organs (kidneys, liver, spleen and heart) with bacterial burden per animal was calculated and the mean +/- SEM per group is
displayed (n: huNSG = 12; NSG, wild-type = 14; Balb/c = 14; muNSG = 11). Statistical significance was tested with Kruskal-Wallis with Dunn’s post-test (B, C)
(*p ≤ 0.05).
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showed similarly high numbers of systemic bacteria. However,
not only the total number of bacteria in the tested inner organs
was higher for huNSG and NSG mice, the percentage of infected
inner organs was also significantly elevated (Figure 2C).

The Stronger the Humanization Rate
the Higher the Chance to Succumb
to Infection
The finding, that humanized mice succumbed to infection
following a local challenge with S. aureus was rather
surprising, and exceeded our first hypothesis of humanized
mice being more susceptible than non-humanized ones
considerably. We wondered whether we could more precisely
determine the factors which caused this increased susceptibility
and shift from local to systemic infection. The first question we
asked in this regard was whether the rate of humanization
(hCD45+/(hCD45+ and mCD45+) could serve as a predictor
for the severity of infection within the humanized mouse group.
Those humanized mice, which were either assigned to the day 7
p.i. group or reached the humane end point during the
Frontiers in Immunology | www.frontiersin.org 6
experiment, were, therefore, grouped into three groups
dependent on their rate of humanization prior to infection.
And indeed, the group with the highest rate of humanization
prior to infection included significantly more mice which
reached the humane end point within 7 days post thigh muscle
challenge than the other two groups (Figure 3A). The rate of
humanization was thus from a retrospective point of view a very
good predictor for a humanized mouse’s chance of survival.

But also reviewing our data from the end-point perspective,
namely is there a difference in the rate of humanization between
mice which survived until day 7 p.i. (d7 group) and those that
reached the humane end point, led to a similar interpretation: the
mice that succumbed to infection had an overall higher rate of
humanization (prior to infection) than those that survived
(Figure 3B). Of note, there was no difference in the rate of
humanization prior to infection between the day 2 p.i. group (d2
group) and the d7 group or the huNSG that reached the humane
end point.

The rate of humanization in blood, spleen and bone marrow
was in addition measured at the end point of the d2 and d7
A B

C

FIGURE 3 | Correlation of rate of humanization (hCD45+ cells/all CD45+ cells) and severity of infection. (A, B) The numbers of human and murine CD45+ cells were
determined by flow cytometry before mice were infected with S. aureus. (A) HuNSG mice which either reached the humane end point of the experiment or were
assigned to the day 7 p.i. group were ordered dependent on their rate of humanization into three groups. All but one mouse that reached the humane end point was
in the group with the highest rate of humanization as depicted in the survival graph. Statistical significance was tested with the Log-rank (Mantel-Cox) test. (B) The
rate of humanization of each huNSG mice in the experiment is depicted according to the outcome/end point of the experiment. Surviving mice were either assigned
to the day 2 or day 7 p.i. end point groups, while the seven huNSG mice which reached the humane end point prematurely between day 2 and day 7 p.i. were
assigned to the “humane end point group”. (C) The rate of humanization at the end of the infection experiment was additionally measured by flow cytometry for the
d2 and d7 groups in blood, spleen and bone marrow. Statistical significance was tested by Kruskal-Wallis with Dunn’s post-test (ns, not significant, *p ≤ 0.05,
**p ≤ 0.01, ***p ≤ 0.001).
June 2022 | Volume 13 | Article 892053
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groups. Notably, the mice from the d7 group had a significantly
lower humanization rate than the d2 group mice in blood and
bone marrow at their respective end points (Figure 3C),
although their blood humanization rates prior infection were
similar (Figure 3A). No differences between both groups could
be seen in the spleen.

Stronger Inflammation in HuNSG
Since the presence of human immune cells in huNSG was
prominently linked to a more severe infection, we asked next,
whether there are differences in the human and murine immune
response and inflammation. First, we checked whether the
myeloperoxidase activity, a main component of neutrophils to
combat bacterial infection, was different between the huNSG
mice and the control groups in the infected thigh muscle. Since
we found no differences in the levels of myeloperoxidase activity
Frontiers in Immunology | www.frontiersin.org 7
between the groups or time points (Figure S3), we focused on the
next question which was whether the pattern or the levels of
human or murine cytokines/chemokines were different.

Therefore, the levels of human and murine MCP-1, IL-1b, IL-
6, IL-10, IL-17A, IFN-g and TNF-a in the blood and the infected
thigh muscle were measured at days 2 and 7 p.i. The levels of all
tested signaling molecules was in general lower in the blood than
at the site of infection (Figure 4). The levels of IL-17A and IFN-g
were in all groups either below or at the detection limit. The
huNSG mice delivered overall higher levels of murine MCP-1,
IL-6 and IL-10 in the blood than the other groups and had in
addition similarly high levels of their human counterparts in the
blood, too. It is important to note in this regard, that purified
human cytokines/chemokines delivered only neglectable signal
in the murine Luminex assay and vice versa. The pattern was
similar, albeit at much higher levels, for MCP-1 and IL-6 in the
FIGURE 4 | Cytokine levels in blood and infected thigh muscle at early and late time point of infection. Displayed are the individual levels per mouse and the median
with interquartile range for each respective group/time point. Levels in blood serum or muscle homogenate were determined with customized Luminex panels.
Statistical significance was tested by Kruskal-Wallis with Dunn’s post-test for the murine cytokines or Mann-Whitney-test for the human counterparts (*p ≤ 0.05,
**p ≤ 0.01, ***p ≤ 0.001).
June 2022 | Volume 13 | Article 892053
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infected thigh muscle (Figure 4). The huNSG mice showed
higher levels than all other groups and had in addition human
cytokines/chemokines at similar levels than murine ones. The
levels of murine IL-1b and TNF-a was slightly lower for the
huNSG mice, but the levels were in similar range when their
human counterparts were added. The levels of murine MCP-1,
IL-10 and IL-1b were in both, blood and muscle at similar levels
at day 2 and day 7 p.i., while the level of IL-6 decreased. A
completely different pattern could be seen for the human
cytokines/chemokines of the huNSG mice. Human MCP-1, IL-
1b, IL-6 and IL-10 were all lower at day 7 compared to day 2 p.i.
(Figure 4), thus indicating a clearly different behavior of the
human and the murine immune system, even within the
chimeric huNSG mice.

Levels of B and T Cells at Early and
Late Infection
This difference in the signaling of human and murine immune
systems raised the question whether the immune cell lineages
behave differently, too? Since the dominating fraction of the
human immune system in huNSG mice consists of T and B
cells, we first focused on their numbers in blood, spleen and bone
marrow. Since we already knew from the determination of the rate
of humanization in the blood, that the surviving huNSG mice
(d7 group) showed a lower rate of humanization at day 7 than the
d2 group (see Figure 3C), we assumed that their prevalence might
be lower in the blood at day 7 p.i. However surprisingly, we saw no
differences in their overall cell numbers (Figure 5). The number of
human CD19+ B cells in the bone marrow was significantly lower
at day 7 than at day 2 p.i., but unchanged in the spleen. The T cell
numbers on the opposite increased in the spleen between both
time points. The increase of T cell numbers in the spleen indicates
the induction of a T cell response against S. aureus as indicated by
earlier publications (15).

Decreased Number of Human CD14+
Monocytes in the Blood of Humanized
Mice at Later Stage Infection
Since neither the human T nor the human B cell compartment
showed differences in their numbers in the blood of huNSG at
day 2 and day 7 p.i., we wondered how other immune cell
lineages reacted to the challenge with S. aureus in the thigh
muscle and the development of systemic disease in the
humanized mice. We checked the number of neutrophils
(CD66b+) and monocytes (CD14+) in the blood and bone
marrow. Neutrophil numbers were low in the blood at both
time points, with a tendency towards lower numbers at day 7 p.i.
Total numbers resembled those of earlier studies in huNSG mice
(16). Monocytes on the opposite showed a very distinct pattern
for blood and bone marrow. In both organs, the number of
monocytes was significantly lower at day 7 than at day 2 p.i.
(Figure 5). This became even more puzzling when we
investigated the numbers of murine monocytes (Ly6C+ Ly6G-)
in both, humanized and non-humanized mice for comparison
(Figure S5). In all investigated mouse groups, the number of
murine monocytes increased strongly and significantly between
Frontiers in Immunology | www.frontiersin.org 8
both time points, proving a strong activation. Even in huNSG
mice, in which the number of human monocytes dropped
severely, the number of murine monocytes increased strongly,
reversing the ratio between both from day 2 to day 7 p.i. The
drop in blood humanization rates between day 2 and day 7 p.i.
(Figure 3C) can thus be explained by both, an increase of murine
cells and the simultaneous decrease of human monocytes in the
blood of huNSG mice.
DISCUSSION

Among the emerging threat posed by antibiotic-resistant
bacteria, MRSA holds the pole position as the pathogen with
most clinical cases and attributable deaths in the USA, and
second in the European Union (24, 25). However, although
there is a high urgency and need for novel therapies, many
pre-clinically efficient approaches targeting S. aureus failed in
clinical trials (4, 26). This lack of translational power from pre-
clinical models to infection in humans is, at least to some extent,
due to the pronounced host tropism of clinical S. aureus strains
(9). Several ideas to overcome this obstacle have been proposed
by the scientific community, with humanized mice being one of
the most promising solutions (5, 7).

The basis for humanized mice was the development of highly
immunodeficient mouse strains, that lack B, T, NK cells and
support human haemato-lymphopoiesis after engraftment with
human CD34+ stem cells (27, 28). Humanized NSG mice
(huNSG) are the most widely used model in this context and
have so far been used to study S. aureus in peritonitis, skin
infection, pneumonia and osteomyelitis models (12–15). It
became obvious in this limited number of recent studies, that
huNSG are more susceptible to S. aureus than wild-type
or “murinized” mice. We wondered how the human immune
system adapts to long-term infection with MRSA and
whether differences between the murine and the human
immune response might surface which might explain this
higher susceptibility?

We decided to investigate the behavior of the human immune
system during infection with MRSA in the thigh muscle, which
resembles a localized, deep-tissue abscess formation and covers
both, acute and chronic phases of infection. We found in
accordance with the earlier studies of staphylococcal infection
in humanized mice, that they were more susceptible to bacterial
infection resulting in higher bacterium-derived bioluminescence
signal and higher bacterial burden at the primary site of
infection. The bacterial load in the infected thigh muscle was
significantly higher in huNSG mice than in murinized or wild-
type NSG mice, as well as compared to Balb/c mice.

The most stunning observation, nonetheless, was that 35% of
the humanized mice reached the humane end point between day
2 and day 7 p.i. (based on the animal welfare score sheet criteria)
and had to be removed from the experiment due to critical signs
of disease and infection. This was in contrast to all control groups
in which only 1 wild-type NSG mouse reached this point. And
even those humanized mice that survived until day 7 p.i. showed
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a much higher probability of bacterial spreading from the
primary site of infection to the inner organs. When we took a
closer look at the correlation of the rate of humanization and the
severity of infection, it became clear, that the mice with a high
rate of humanization (prior infection) had a strongly reduced
chance of surviving local MRSA challenge compared to their less
humanized littermates.

This divergence in the outcome of localized S. aureus
infection between humanized and non-humanized mice asked
the question which factors or components are responsible. We
approached this question by investigating the immune system’s
signaling and cell population dynamics during the infection and
Frontiers in Immunology | www.frontiersin.org 9
found significant differences between the human and the murine
immune response. First, the cytokine and chemokine levels in
huNSG mice were much higher than in the other groups, and we
could detect both, human and murine cytokines in these mice.
The higher levels of MCP-1, IL-6 and IL-10 suggested a much
stronger inflammatory response to the bacterial challenge in the
humanized mice, especially at day 2 p.i.

It is well known that several factors of S. aureus, that can
result in pro-inflammatory cytokine signaling, are much more
efficient against human cells than against their murine
counterparts, like bi-component toxins, superantigens/
enterotoxins or immunomodulators (6, 29–31).
FIGURE 5 | Human immune cell lineages in blood, bone marrow and spleen during the course of thigh infection. Cells were first gated for expression of hCD45 and
lack of mCD45 expression, then for the respective lineage markers (hCD66b: granulocytes, hCD14: monocytes, hCD4: T helper cells, hCD8: cytotoxic T cells, CD19:
B cells). The gating strategy can be found in Figure S4. Statistical significance was tested with Mann-Whitney-test and p-values displayed (significant values
(p < 0.05) are depicted as bold numbers).
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However, in discrepancy to the increase of the bacterial
burden in the thigh muscle and the inner organs, we could see
lower levels of human cytokines at the later time point of
infection. Reasons for this might be either the regulation of the
immune response respectively the inflammation or an
exhaustion of the immune response or its deployed cells.
Either way, it might indicate the failing of the immune system
to overcome the bacterial infection and thus explain the
decreased survival of the huNSG mice.

Our hypothesis was that if it is exhaustion that leads to the
reduced inflammatory status and the impaired survival of the
huNSG mouse group, we would see the depletion or reduction of
at least one major lineage of human immune cells. In order to
investigate this, we took a closer look at the cell numbers of
immune cell lineages in the blood, bone marrow and spleen by
flow cytometry. We could detect considerable numbers of
human B and T cells, as well as monocytes, but only very low
numbers of human neutrophils in the blood, as described in an
earlier study (16). We observed furthermore, as described for S.
aureus osteomyelitis infection in huNSG mice (15), a significant
increase of human T cell numbers in the spleen, which indicates
a pathogen-induced human immune cell response in the
animals. On the other hand, we found that the number of
CD19+ B cells in the bone marrow decreased dramatically,
while their numbers in blood and spleen remained stable. In
addition, the numbers of CD14+ monocytes dropped similarly
drastically in both, blood and bone marrow, which in turn might
be the reason for the lower cytokine levels in blood and thigh
muscle at the later time point. Both observations indicate that the
human immune system in the huNSG mice gets caught in the
maelstrom of local infection and bacterial spreading without
being able to reproduce enough immune cells to overcome this
challenge. This might, at least, in parts be based on the fact, that
some human immune cell lineages are underrepresented in
huNSG mice, most notably neutrophils (16), or that others are
not terminally differentiated. At the first glance this might be
regarded as a drawback of humanized mice in preclinical
research for infectious disease. However, from a different point
of view, it might even reflect the specific clinical need much
better, in which success of therapy is important at most: in
patients with an impaired immune response, particularly when
neutrophil function is affected like congenital neutropenia or
chronic granulomatous disease (32, 33).

The drop of human monocytes and B cells raises additionally
the question about the influence of S. aureus. Is it simply the
overwhelming presence of the bacteria that leads to the depletion
of these cell lineages or is S. aureus actively depleting these cells
by the action of virulence factors? Particularly the differences
between human and murine monocytes are striking in this
regard. While the numbers of human monocytes are fading
away systemically during the course of infection, we could, in
huNSG and control mice, measure an increase of the murine
ones. Importantly, the fate of the human monocytes remains
elusive at this point: future studies are necessary to unravel
whether they are migrating to the site of infection, are
undergoing apoptosis, or having their reproduction in the bone
Frontiers in Immunology | www.frontiersin.org 10
marrow affected. Furthermore, the dynamics of human and
murine immune cells in the infected thigh muscle apart from
the cytokine levels were inaccessible in this study, too, and
should be investigated on a single cell level in future in order
to understand the shift from local to systemic infection.
Considering, that several virulence factors of S. aureus show
higher affinity or activity towards human than murine immune
cells in vitro, like bi-component toxins, superantigens or
immunomodulators (6, 29, 34), it seems reasonable to assume,
that humanized mice are indeed representing the clinical course
of infection more closely than wild-type mice. On the other
hand, limitations of humanized NSG mice like weak human
myeloid reconstitution and the lack of human thymus tissue (10,
35) have to be considered when interpreting the observed results
in our infection model.

In summary, we could show in this study, that a local
infection with MRSA in humanized mice induced systemic
spreading of the bacteria and high mortality, while the
infection stayed locally in non-humanized mice. We
furthermore unraveled grave differences between the human
and murine immune response against S. aureus in this in vivo
system, particularly in the cytokine response and the recruitment
of monocytes. These results might help to develop better disease-
related pre-clinical models for the validation of novel therapeutic
approaches and the identification of promising targets.
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