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Mousemodels have provided key insight into the cellular andmolecular control of human immune system func-
tion. However, recent data indicate that extrapolating the functional capabilities of the murine immune system
into humans can be misleading. Since immune cells significantly affect neuron survival and axon growth and
also are required to defend the body against infection, it is important to determine the pathophysiological signif-
icance of spinal cord injury (SCI)-induced changes in human immune system function. Research projects using
monkeys or humans would be ideal; however, logistical and ethical barriers preclude detailed mechanistic stud-
ies in either species. Humanized mice, i.e., immunocompromised mice reconstituted with human immune cells,
can help overcome these barriers and can be applied in various experimental conditions that are of interest to the
SCI community. Specifically, newborn NOD-SCID-IL2rgnull (NSG)mice engraftedwith human CD34+ hematopoi-
etic stem cells develop normallywithout neurological impairment. In this report, new data show that whenmice
with human immune systems receive a clinically-relevant spinal contusion injury, spontaneous functional recov-
ery is indistinguishable from that achieved after SCI using conventional inbred mouse strains. Moreover, using
routine immunohistochemical and flow cytometry techniques, one can easily phenotype circulating human im-
mune cells anddocument the composition and distribution of these cells in the injured spinal cord. Lesion pathol-
ogy in humanized mice is typical of mouse contusion injuries, producing a centralized lesion epicenter that
becomes occupied by phagocyticmacrophages and lymphocytes and enclosed by a dense astrocytic scar. Specific
human immune cell types, including three distinct subsets of human monocytes, were readily detected in the
blood, spleen and liver. Future studies that aim to understand the functional consequences of manipulating the
neuro-immune axis after SCI should consider using the humanized mouse model. Humanized mice represent a
powerful tool for improving the translational value of pre-clinical SCI data.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Mice are valuable experimental tools and are essential for under-
standing mechanisms of neural injury and repair. They are relatively
inexpensive and are easy to use/manipulate. Moreover, their genome
has been sequenced making genetic engineering strategies possible
(Waterston et al., 2002). In addition, since the human genome also is
known (Lander et al., 2001), spinal cord injury (SCI)-induced changes
in the expression ofmouse genes can be extrapolated to the human con-
dition. However, recent data indicate that the composition and function
of mouse and human immune systems are different (Mestas and
Hughes, 2004), and therefore bridging scientific findings from mice to
humans may be misleading. While human and mouse transcriptional
al Cord Repair, The Ohio State
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ovich).
profiles of immune cells are relatively conserved, hundreds of genes dis-
play extensive divergence (Shay et al., 2013). Further, genomic re-
sponses in mouse models of inflammation do not always match what
is observed in the associated human condition (Seok et al., 2013).
While this does not negate the utility of current mouse models, it does
suggest caution when bridging discoveries across the species barrier
from mice to humans.

In recent years humanized mice have been developed to model
specific human diseases (e.g., HIV infection) that cannot be studied in
traditional mouse strains. “Humanized mice” refer to immature immu-
nodeficientmice that are injected with human blood stem cells. As they
mature, thesemice develop a functional human immune system (Shultz
et al., 2007, 2012). While many models and background strains have
been used for this purpose, the NOD-SCID-IL2rgnull (NSG) mouse is par-
ticularly effective at engrafting human blood stem cells and developing
awide range of functional human immune cell lineages (Coughlan et al.,
2012; Brehmet al., 2010; Giassi et al., 2008; Ishikawa et al., 2005; Rajesh
et al., 2010; Shultz et al., 2005; Tanaka et al., 2012).
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The goal of the current study was to characterize the anatomical,
functional and hematological consequences of a standardized contusive
spinal cord injury (SCI) in humanized NSG (hNSG) mice. The data indi-
cate that in all cases, humanized mice respond like other mouse strains
to experimental traumatic SCI. Here, we establish that the humanized
mouse model is an unrealized but potentially powerful tool for under-
standing human neuroimmune biology and systemic immune function
in the context of dynamic protracted neurological diseases including
SCI.

2. Methods

2.1. Development and care of humanized NSG mice

The Institutional Animal Care and Use Committee of The Ohio State
University approved all animal protocols. Young adult breeding pairs
of NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ mice (NSG mice) were purchased
from The Jackson Laboratory (Bar Harbor, ME). Animals were fed com-
mercial food pellets and chlorinated reverse osmosis water ad libitum,
and housed in ventilatedmicroisolator cages layeredwith corn cob bed-
ding in a 12 hour light–dark cycle at a constant temperature (20± 2 °C)
and humidity (50 ± 20%). In total, 5 male and 6 female newborn NSG
mice were selected for hematopoietic stem cell engraftment proce-
dures. Newborn NSG pups (24–48 h postnatal) received 100 cGy
whole body irradiation (RS 2000, Rad Source, Suwanee, GA). Human
umbilical cord CD34+ stem cells (Lonza Incorporated, Walkersville,
MD)were thawed according to themanufacturer recommendedprotocol
then were suspended in Hematopoietic Growth Media (Lonza Inc.) sup-
plemented with StemSpan CC100 (Stemcell Technologies, Vancouver,
BC). Immediately after irradiation, each mouse was lightly anesthetized
on ice and subjected to a single intrahepatic injection of 3–5 × 104 cells
in a total volume of 50 μl into the right lateral lobe using a sterile 26
gauge needle. After the procedure body temperature was maintained at
37 °C using a heating pad. Once recovered, newborn NSG mice were
returned to their dams for normal maturation until weaning at 21 days.
At that time they were housed ≤5 mice per cage for the duration of the
experiment. All mice survived irradiation and engraftment procedures.
Engraftment of human peripheral blood leukocytes was initially assessed
10 weeks after injection (see flow cytometry methods below).

2.2. Spinal cord contusion injury

Thirteenweeks after engraftment, hNSGmice (n= 11) were subject-
ed to a moderate mid-thoracic (T9) spinal cord contusion injury. Non-
irradiated, non-engrafted NSG mice served as controls (n = 8 mice;
n = 4 male and n = 4 female). Mice were anesthetized with a keta-
mine/xylazine cocktail (120 and 10 mg/kg intraperitoneal, respectively),
hair was shaved at the region of the thoracic spinal cord, and skin treated
with a sequence of betadine, 70% ethanol, and betadine. A small midline
incision was made to expose the T9 vertebra then a partial laminectomy
was performed followed by a 60 kdyn contusion injury using an Infinite
Horizon Impactor (Precision Systems and Instrumentation, Lexington,
Kentucky). Force and displacement biomechanics were measured for
each injury. Body temperature was maintained at 37 °C during surgery
using a heat pad. After SCI, skin was closed using sterile wound clips
then mice were returned to their cages which were placed overnight
onto a slide warmer set to 37 °C. Sterile saline (2ml) was injected subcu-
taneously after SCI tomaintain proper hydration. Bladdersweremanually
expressed twice daily for the duration of the study. Gentocin antibiotic
was subcutaneously administered once a day at 5 mg/kg for 5 days after
injury. One female hNSG mouse died immediately prior to SCI surgery,
likely due to complications from anesthesia, and one male hNSG mouse
died during the post-injury period. Both mice were excluded from
all analyses. hNSG and NSG mice were not injured on the same days.
However, all animals were subjected to nearly identical injury force and
displacement: 61.9 ± 0.5 kdyn and displacement of 497 ± 5 μm for
hNSG mice and 62.0 ± 0.6 kdyn and displacement of 475 ± 19.5 μm for
NSG mice.

2.3. Behavioral testing

Hindlimbmotor function was assessed using the Basso Mouse Scale
(Basso et al., 2006). Testing occurred 1 day prior to injury then again at
1, 3, 7, 14, 21, and 28 days post-injury (dpi). hNSGmicewere placed into
an open field and allowed to freely explore the environment for 4 min.
The same two individuals scored hindlimb locomotor parameters dur-
ing each test period. Left and right hindlimb BMS scores were averaged
for each mouse to obtain a single value at each time point.

2.4. Flow cytometry

Assessment of human peripheral blood leukocytes (PBLs) was ini-
tially performed 10 weeks after engraftment with human umbilical
stem cells. Approximately 50 μl whole blood was collected from the fa-
cial vein into a tube containing ethylenediaminetetraacetic acid (EDTA).
Red blood cells were lysed with BD Pharm Lyse™ Lysing Buffer (BD
Biosciences, Franklin Lakes, New Jersey). Antibodies against human
leukocytemarkers were added to aliquots of blood and allowed to incu-
bate for 30 min at room temperature. A FACS Calibur flow cytometer
(BD Biosciences) was used to analyze blood samples. Forward scatter
and side scatter parameters were used to gate viable cell populations
for further phenotypic analyses using antibody panels described in
(Table 1). Offline data analyses were completed with FlowJo v.10 soft-
ware (Tree Star, Inc., Ashland, OR).

2.5. Tissue procurement and histology

At 28 dpi, hNSGmice were anesthetized and transcardially perfused
with 0.1 M phosphate buffer saline (PBS) followed by 4% paraformalde-
hyde (PFA) in PBS. Tissues were post-fixed in 4% PFA for 2 h, dialyzed in
0.2 M phosphate buffer overnight at 4 °C then cryopreserved in a 30%
sucrose solution for 72 h at 4 °C. Tissues were embedded in OCT medi-
um (Sakura Finetek, Torrance, CA), frozen on dry ice, sectioned at
10 μm on a cryostat then stored at−20 °C. For peroxidase and fluores-
cent based staining procedures slides were thawed at room tempera-
ture for 1 h, placed on a slide warmer for 1 h and then rinsed in 0.1 M
PBS.

For immunohistochemistry, sections were overlaid with 4% BSA and
0.1% Triton X-100 in 0.1 M PBS for 1 h followed by primary antibody
overnight at 4 °C. After PBS washes (3×), sections were incubated with
secondary antibodies at room temperature for 1 h. Immunoperoxidase
labeling required quenching of endogenous peroxidases with 6% H2O2

diluted in methanol for 15 min at room temperature prior to incubation
with Vectastain ABC (Vector Laboratories, Burlingame, CA) for 1 h at
room temperature. Bound antibody was visualized by overlaying
sections with 3,3′-diaminobenzidine (DAB, Vector Laboratories) for
5–15 min (until optimal differentiation of signal). To reduce non-
specific labeling caused by using mouse primary antibodies on mouse
tissues, primary and secondary antibodies were mixed at 37 °C for 1 h
then normal mouse serum was added for an additional hour at 37 °C at
a dilution of 1:1000. The antibody mixture was allowed to cool on ice
for 1–2 h. The primary and secondary antibody complex was overlaid
onto tissue sections overnight at 4 °C, followed by ABC amplification
and DAB development as described above.

A separate protocol was used to identify human immune cell types.
After thawing, tissue sections were placed in ice-cold methanol for
20–30 min, followed by washes in PBS. When required (i.e. hCD3), an-
tigen retrieval was accomplished by incubating tissues in heated alka-
line pH Tris-based solution (H-3301, Vector Laboratories) followed by
a blocking step using a mixture of 4% BSA, 3% normal goat serum and
0.1% Triton X-100 in 0.1MPBS for 1 h. Sectionswere incubatedwith pri-
mary antibodies overnight at 4 °C, followed by washes in PBS



Table 1
Antibodies used for flow cytometry and immunohistochemical staining.

Marker Host species Clone Vendor Cat # Volume/dilution Conjugate

Human CD45 (LCA) Mouse 2D1 BD Biosciences 347464 10–20 μl per testa1:50–1:200 PerCP
Human CD16 (FcγRIII) Mouse 3G8 BD Biosciences 555406 10–20 μl per testa FITC
Human CD14 Mouse MOP9 BD Biosciences 562691 10–20 μl per testa PE
Human CD3 Rat CD3-12 Serotec MCA1477 1:100–1:1000
Mouse CD45 Rat 30-F11 BD Biosciences 553078 1:200
CD45R/B220 Rat RA3-6B2 Serotec MCA1258G 1:200
CD31 (PECAM-1) Rat MEC 13.3 BD Biosciences 553370 1:2000
Collagen IV Rabbit – Millipore AB756 1:1000
GFAP Rabbit – Dako Z0334 1:400
Iba-1 Rabbit – Wako 019-19741 1:250–1:1500
Laminin Rabbit – Sigma L9393 1:500
NFH Chicken – Aves NF-H 1:1000

Isotype controls
IgG1 PE Isotype Mouse X40 BD Biosciences 340762 10–20 μl per testa PerCP
IgG1 FITC Isotype Mouse X40 BD Biosciences 340755 10–20 μl per testa FITC
IgG2b PE Isotype Mouse MPC-11 BD Biosciences 559529 10–20 μl per testa PE

a Denotes volume used per peripheral blood sample for flow cytometry. All other dilutions used for immunohistochemical and immunofluorescent staining.
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and subsequent incubation at room temperature for 1 h with Alexa
Fluor-conjugated secondary antibodies. Nuclei were counterstained
with DAPI. Information regarding antibody sources, working concentra-
tions, and specificity are reported in Table 1.

Photomicrographs of immunolabeled tissue were captured using an
Axioplan 2 imagingmicroscope equippedwith an AxioCamdigital cam-
era and AxioVision v.4.8.2 software (Carl Zeiss Microscopy GmbH, Jena,
Germany). An Olympus FV1000 spectral confocal microscope with 20×
and 60× oil objectives (Olympus America Inc., Melville, NY)was used to
capture single plane images,maximum intensity projections of confocal
Z stacks or orthogonal views for co-localization of fluorescent labeling
when appropriate. Image stacks were saved as Olympus OIB files and
digital images as 24 bit color TIFF files.

2.6. Data analysis

Data were analyzed using GraphPad Prism software (version 5.0, La
Jolla, CA), and statistical significance was assigned to a p b 0.05. Except
where noted, data are represented as mean ± standard error of the
mean. All figures were generated in Adobe Photoshop CS5 v.12
(Adobe Systems Inc., San Jose, CA).

3. Results

3.1. Analysis of human CD34+ stem cell engraftment before and after SCI in
hNSG mice

First, the percentage of live peripheral blood leukocytes (PBLs) that
express human leukocyte common antigen (hCD45) was quantified in
uninjured NSG mice beginning 10 weeks after intrahepatic injection of
human CD34+ umbilical cord stem cells. Identical analyses were com-
pleted in the same mice at 4 weeks post-SCI. At both times, blood sam-
ples were collected then analyzed using three-color flow cytometry.
Live cells were gated from forward and side-scatter plots then the rela-
tive expression of hCD45 was measured. hCD45 is a high molecular
weight transmembrane protein that distinguishes human blood leuko-
cytes from residual mouse leukocytes. Consistent with previous reports
(Lepus et al., 2009; Tanaka et al., 2012), ~8% of PBLs were hCD45+

10 weeks after engraftment (Fig. 1A–D). When assessed 4 weeks post-
SCI (17 weeks post-injection of hCD34+ cells), 57% of PBLs were
hCD45+ (p b 0.0001, unpaired t-test, 17 vs. 10 weeks) (Fig. 1D). These
data indicate efficient engraftment of human immune cells in NSG
mice and a possible increase in hematopoiesis after SCI. Indeed, a 7-
fold increase in human PBLs in hNSG mice after SCI is consistent with
the post-SCI leukocytosis that develops in human SCI (Furlan et al.,
2006; Riegger et al., 2009); however, to unequivocally prove an increase
in post-injury hematopoiesis, a more detailed time-course analysis of
human immune cell reconstitution, with and without SCI, is required.

Monocytes are circulating precursors for tissue macrophages that
dominate sites of inflammation. After SCI, whether monocyte-derived
macrophages cause injury or repair is determined by their phenotype
and activation state (Kigerl et al., 2009). In humans, there are three
functionally distinct monocyte subpopulations; CD14hi/CD16neg
(“classical”), CD14low/CD16low (“intermediate”) and CD14low/
CD16hi (“non-classical”) (Auffray et al., 2009; Cros et al., 2010). Impor-
tantly, changes in the ratio of these monocyte subsets have clinical im-
plications and could predict tissue injury as has been described in stroke
(Urra et al., 2009). Here, we confirmed that in the blood of hNSG mice
after SCI, ~25% of human PBLs were monocytes. This is consistent with
the proportion of circulatingmonocytes described by other laboratories
using hNSGmice (Rongvaux et al., 2014). Moreover, all relevant human
monocyte subpopulations exist after SCI in hNSG mice (Fig. 1A–C,E).
Limited blood samples and reagents precluded us from completing a de-
tailed phenotypic analysis of other leukocyte subpopulations; however,
based on size and relative expression of CD16, other CD14neg/CD16+

cell populations are likely human neutrophils and/or natural killer
cells (Lanier et al., 1986; Huizinga et al., 1990).
3.2. Human immune cells populate peripheral lymphoid organs

After SCI, the liver and spleen play important roles in initiating sys-
temic inflammation (Anthony and Couch, 2014; Blomster et al., 2013).
For example, hepatocytes produce cytokines and chemokines that influ-
ence the activation and recruitment of monocytes to the CNS (Campbell
et al., 2005, 2008). After SCI, leukocytes are recruited to the liver where
they contribute to liver dysfunction (Fleming et al., 2012; Sauerbeck
et al., 2015). The liver and spleen also are reservoirs for immune cells, in-
cluding macrophages, T and B cells, and hematopoietic progenitors. In
mice and humans, determining the dynamics of changes in immune
cell function and hematopoiesis within these extramedullary reservoirs
may be key for understanding a range of immune-related phenomena
that occur after SCI (e.g., protracted/non-resolving intraspinal inflamma-
tion, systemic autoimmunity, chronic immunosuppression) (Schwab
et al., 2014).

In hNSG mice, human immune cells were detected in the liver and
spleen in anatomically appropriate locations (Fig. 2A,B). In the spleen,
a full complement of innate and adaptive immune cells was identified
including human macrophages (hCD45+/Iba-1+), T lymphocytes
(hCD45+/hCD3+) and B lymphocytes (hCD45+/B220+) (Fig. 2C–E).
Human T and B cells were primarily localized to splenic white pulp,
while human macrophages were distributed throughout adjacent red



Fig. 1. Flow cytometry scatter plots illustrate the gating strategy used to detect human immune cells in peripheral blood of hNSGmice. The example shown in Fig. 1A–C is from a SCI hNSG
mouse at 28 dpi. (A) Size (forward scatter) and granularity (side scatter) of peripheral blood leukocytes (PBLs) were used to select viable cells for phenotypic analysis. (B) From the viable
cell population, the percentage of cells in hNSGmice expressing human CD45 (hCD45)was determined. (C) After gating on hCD45, relative expression levels of human CD14 (hCD14) and
human CD16 (hCD16) were used to quantify monocyte subsets (red, black, and blue gates). (D) The percentage of human immune cells in the periphery of hNSGmice increased after SCI
(*p b 0.01 vs. pre-SCI). (E) After SCI,monocytes represented ~25% of human PBLs, consistingmostly of CD14low/CD16low intermediatemonocytes. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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pulp. In the liver, human leukocytes (hCD45+) surrounded liver sinu-
soids (Fig. 2B).

3.3. Spontaneous functional recovery and lesion histopathology after SCI
in humanized mice are indistinguishable from that in other immune
competent mouse strains

Both genetics and injury severity affect the overall magnitude of
spontaneous locomotor recovery after SCI; however, the time course
and patterns of recovery are nearly identical across all mouse strains
(Basso et al., 2006). To determine if recovery from SCI is unique in
hNSG mice or control immunodeficient NSG mice, mice of both strains
receivedmoderate spinal contusion injuries then spontaneous recovery
of locomotor function was analyzed. Since differences between mouse
strains have been described previously (Basso et al., 2006), we focus
here on changes specific to hNSG and NSG mice. Historical pre- and
post-SCI data for other mouse strains (BALB/c and C57BL/6) are
shown for reference.

Before SCI, open field locomotor function, as defined by the Basso
Mouse Scale, was identical in all NSG and hNSG mice (BMS score and



Fig. 2. Immunolabeling of hCD45 in peripheral organs 28 days post-injury (dpi) reveals human immune cells in the spleen (A) and liver (B) of hNSGmice. Although distributed throughout
the spleen, human immune cells weremost dense in cell clusters reminiscent of white pulp. (C) Humanmacrophages (hCD45+/Iba-1+), T lymphocytes (hCD45+/hCD3+), and B lympho-
cytes (hCD45+/B220+) were identified in the spleen of hNSG mice by confocal microscopy. Single plane (individual channels) and orthogonal views (combined channels) are shown,
confirming co-localization of immunofluorescence. Blue = DAPI nuclear stain. Scale bar in A = 500 μm, B = 50 μm, and E = 50 μm. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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subscores = 9 and 11, respectively) (Fig. 3A,B). After SCI, the onset of
paralysis and rates of spontaneous functional recovery were nearly
identical in hNSG and NSG mice (Fig. 3A). However, overall recovery
was improved in immunodeficient NSG mice as compared with hNSG
mice (Fig. 3A). By 14 dpi, 100% of NSG mice (n = 5/5 mice) recovered
frequent or consistent plantar steppingwith onemouse achieving coor-
dination (BMS ≥ 5). Conversely, 55% of humanized mice (n = 5/9)
achieved frequent or consistent plantar stepping by 14 dpi and none
achieved coordinated locomotion (χ2 of NSG and hNSG, p = 0.078).

After 14 dpi, general patterns of locomotor recovery plateau in all
mouse strains; however, BMS subscore analyses reveal that other as-
pects of locomotion (e.g. frequency of plantar stepping, paw position,
and trunk stability) continue to improve and strain-dependent
differences exist (Fig. 3B). Specifically, while all NSG mice achieve
BMS subscores ≥1 by 14 dpi, this occurred in only 4/9 hNSG mice
(p b 0.05, χ2).
Fig. 3. Humanized mice develop severe functional impairment and lesion pathology after SCI t
erbated in humanized mice (hNSG) as compared with immunodeficient NSGmice. (A&B) Hind
BMS score (p= 0.054) and subscore (p b 0.05) were better in NSGmice vs. hNSGmice; repeate
as compared with hNSGmice (26%± 4 vs. 48%± 4 respectively; *p b 0.01; t-test). (D) Lesion v
NSGmice (0.67± 0.07mm3 vs. 0.43± 0.06mm3; #p b 0.05, t-test). (E,F) EC/NFH stained epicen
hNSG and 44% for NSG). Historical BMS and lesion volume data from BALB/c and BL/6 mice are
Although recovery of hindlimb function in hNSG mice is worse than
NSG mice, hNSG mice are on par with mouse strains with functional
murine immune systems. The better functional recovery in immunode-
ficient NSGmice is consistent with other reports that have documented
improved functional recovery after SCI in other strains of immunocom-
promised rats and mice (Luchetti et al., 2010; Potas et al., 2006).

Spinal cord histopathology in NSG and hNSG mice is comparable to
that of other mouse strains (Inman et al., 2002; Kigerl et al., 2006;
Sroga et al., 2003). By 28 dpi at the lesion epicenter, gray matter and a
large portion of white matter are replaced by a fibrotic tissue mass
and the lesion expands both rostral and caudal to the epicenter into dor-
sal column white matter. A major distinction, however, was that signif-
icantly less tissue (axons andmyelin)was spared at the lesion epicenter
in hNSG mice as compared with NSG control mice (26% vs. 48%;
p b 0.01; Fig. 3C,E,F). The average lesion volume in SCI hNSG mice was
identical to that of C57BL/6 and BALB/c mice after SCI but was
hat are reminiscent of other mouse strains; however, both outcome parameters are exac-
limb motor function was assessed using the Basso Mouse Scale (BMS) and BMS subscore.
dmeasure 2-way ANOVA. (C) Significantly greater tissue sparing was evident in NSGmice
olume in hNSGmicewas identical to othermouse strains, but was significantly larger than
ter sections from injuredmice with tissue sparing closest to the groupmean (i.e., ~27% for
provided for reference and are reprinted with permission.
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significantly larger than lesions found in immunodeficient NSG mice
(0.67 mm3 vs. 0.43 mm3; p b 0.05; Fig. 3D).

These data indicate that patterns of functional recovery and associat-
ed histopathology in SCI hNSG mice are stereotypical but are impaired
or exacerbated relative to genetically identicalmice that lack a function-
al immune system. Ongoing studies will attempt to define the function-
al implications of human immune cells recruited to the injury site. The
remainder of this manuscript will focus on characterizing baseline
cellular responses to SCI in hNSG mice.

3.4. Intraspinal inflammation in humanized mice

At the epicenter, the lesion core is surrounded by a rim of “spared
white matter” containing neurofilament-positive axons (Figs. 3E,F and
4A). Surrounding the lesion is a dense astrogliotic (GFAP+) scar
(Fig. 4B; arrowheads). Large and small hCD45+ human leukocytes infil-
trate the injured spinal cord, primarily within the core of the lesion
epicenter (Fig. 4C,D).

Large round, presumably phagocytic, hCD45+/Iba1+ macrophages
dominate the lesion epicenter and lesion borders (Fig. 5A). Smaller
and morphologically distinct hCD45+ cells also were found within the
lesion epicenter. Immunofluorescent double-labeling and confocal im-
aging confirmed that these smaller cells are human T (hCD45+/
hCD3+) and B lymphocytes (hCD45+/B220+) (Fig. 5B,C). Human T
cells were found in clusters, interspersed among phagocytic human
macrophages. However, some T cells were identified just outside the le-
sion core. hCD45+/B220+ B cells also infiltrated the injured hNSG spinal
Fig. 4. Immunohistochemical staining in hNSG mouse spinal cord 28 dpi. (A) Eriochrome cyan
surrounding a central core lesion. (B) Extensive astrogliosis, as defined by a prominent GFAP+

human immune cells populate the lesion epicenter. Adjacent sections were used for A–D. Bo
and 50 μm in D. (For interpretation of the references to color in this figure legend, the reader i
cord. Consistent with observations in injured human spinal cords
(Fleming et al., 2006), B cells within the lesion were sparse and were
only found in a small subset of hNSG mice.

In hNSG mice, some host (mouse) immune cells persist, most nota-
blymyeloid cells (e.g., neutrophils,microglia andmacrophages). To pro-
vide a qualitative overview of differences in the magnitude of resident
and recruited human immune cells at 28 dpi and their relative distribu-
tion throughout lesioned/spared tissues, sections cut from the lesion
epicenter and regions distal to the epicenter were double-labeled with
hCD45 and mouse CD45 antibodies (Fig. 6). Within the lesion core,
hCD45+ cells predominate; few resident mCD45+ cells were observed
in the same sections (Fig. 6A–C). This spatial distribution is consistent
with previous data obtained frommouse and rat bonemarrow chimeras
in which most cells within the lesion core are derived from the circula-
tion; i.e., they are infiltrating leukocytes (Blomster et al., 2013; Popovich
and Hickey, 2001; Mawhinney et al., 2012; Shechter et al., 2009). This
conclusion is further supported by the fact that hCD45+ staining was
absent in sections caudal to the injury epicenter or in tissue regions de-
void of frank pathology (Fig. 6D,E). These latter regions are dominated
by phagocytic or stellate mCD45+ cells resembling microglia.

Data above indicate that a complex human inflammatory reaction
occupies the lesion epicenter of SCI humanizedmice. Defining the func-
tional significance of the infiltrating human immune cells will require
additional research; however, if thepresence of a xenogeneic inflamma-
tory response adversely affects indices of endogenous CNS repair, it
would obviate data interpretation for future intervention studies and
minimize the utility of the current model. Accordingly, we analyzed
ine (blue) and neurofilament immunolabeling (brown) of spared white and gray matter
glial scar, surrounds the lesion (arrowheads delineate glial scar border). (C,D) hCD45+

x in C delineates the location of high-powered image in D. Scale bars = 250 μm for A–C,
s referred to the web version of this article.)



Fig. 5. Single plane and orthogonal views of fluorescent confocal Z stacks identifying specific types of human immune cells in the spinal cord of hNSGmice 28 dpi. (A) The lesion core was
densely populated by large humanmacrophages (hCD45+/Iba-1+). (B) Human T cells (hCD45+/hCD3+) were dispersed throughout the lesion, frequently in small clusters. (C) Human B
cells (hCD45+/B220+) also sparsely populated the injured spinal cord. Orthogonal views reveal immunofluorescent co-localization. Blue = DAPI nuclear stain. Scale bar = 50 μm.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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general characteristics of revascularization and endogenous axon
growth/sprouting, both of which occur naturally in rodent SCI models
(Klapka and Müller, 2006; Loy et al., 2002).

Rostral to the lesion epicenter, CD31+ endothelia were found
throughout gray and white matter, although profiles were more preva-
lent in gray matter (Fig. 7A). CD31+ blood vessels varied in size and
were surrounded by a laminin-positive basement membrane. No
human leukocytes (hCD45+ cells) were detected beyond zones of dis-
cernible pathology. In contrast, fewer CD31+ blood vessels were found
at the epicenter but these were larger in diameter and were co-
localized with a laminin-positive basal lamina or were interspersed be-
tween basal lamina “streamers” scattered throughout the lesion (Loy
et al., 2002) (Fig. 7B). Most laminin streamers were not associated
with CD31+ blood vessels. Instead, they co-localized with collagen
and may serve as extracellular substrates for growing/spared axons. In-
deed, neurofilament-positive axons appear to grow or sprout from
spared white matter and enter the lesion core along GFAP+ astrocytes
(Fig. 8A). However, within the core, most axons co-localized with colla-
gen IV+ filament-like projections (Fig. 8B). The orthogonal plane of con-
focal images confirms the apposition of axons with collagen IV bundles,
interspersed between hCD45+ human immune cell clusters (arrows).
The collagen IV response to SCI in hNSGmice is similar to that described
in other rodent models (Klapka and Müller, 2006; Loy et al., 2002).
These data indicate that human leukocytes either support or do not
adversely affect normal endogenous repair mechanisms elicited by
contusive SCI.

4. Discussion

Data in this report are thefirst to illustrate the feasibility of using hu-
manizedmice to test hypotheses related to neuro-immune interactions
after traumatic spinal cord injury (SCI). Although mice have provided
key insights to the cellular and molecular control of human immune
system function, a recent study found that despite remarkable conser-
vation of gene expression inmouse and human immune cells, divergent
expression was noted for several hundred genes (Shay et al., 2013).
These differences can be attributed to the heterogeneity of the human
genome, as compared to inbred mice, but the fact remains that
extrapolating immune data from mice into humans can be misleading
(Mestas and Hughes, 2004).



Fig. 6. Human CD45+ (hCD45) immune cells are restricted to the lesion epicenter and become co-localized with residual mouse CD45+ (mCD45) cells. (A) Specificity of labeling in epi-
center sections was confirmed by omitting primary antibodies for mCD45 and hCD45. (B) Low-power confocal images reveal the spatial distribution of human (red) and mouse (green)
leukocytes throughout the lesion epicenter at 28 dpi. (C) Higher-magnification of boxed region in (B). hCD45/mCD45+ double-labeling reveals that resident mouse CD45+ cells with mi-
crogliamorphology dominate injured spinal cord in regions distal to the lesion epicenter (D,E). Scale bar=150 μm inA, B, & D; 100 μm inC& E; blue=DAPI; *Denotes central canal in D&
E. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. Immunolabeling of spinal cord vasculature rostral to and at the lesion epicenter in an hNSGmouse 28 dpi. (A) Approximately 2 mm rostral to the lesion, laminin (green) was ex-
clusively expressed around CD31+ blood vessels (red). No hCD45+ cells were observed in spinal cords outside of regions of pathology. (B) Spinal cord lesions contained extensive laminin
expression (green) within and surrounding the lesion. CD31 immunolabeled vasculature (red) could be identified within the lesion core, co-labeled with laminin and dispersed among
hCD45 positive human immune cells (blue). CC= central canal. Scale bar = 250 μm for low powered CD31-DAB developed images; scale bar = 50 μm for combined fluorescent images.
Images in A and B were obtained from the same hNSGmouse. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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In humanized NSG (hNSG)mice, the full complement of human im-
mune cells is produced. Thismakes it feasible to study immune cell phe-
notype and function in vivo in the context of dynamic pathological
processes of relevance to SCI including the continuum of post-injury
cell repair/cell death, cell transplantation, pharmacologic intervention,
systemic infection, post-injury hematopoiesis, etc. Since most labs can
easily incorporate humanized mice into their existing research infra-
structure (e.g., injury models, core facilities and suites associated with
surgery, behavior or housing), these mice can be used to overcome
the complex logistics and ethical concerns that preclude translational
SCI research in non-human primates (NHPs) and humans. Moreover,
hNSG mice are significantly cheaper and infinitely easier to maintain
and care for post-SCI than NHPs.

Our data indicate that when human hematopoietic stem cells are
injected into young immune-deficient NSG mice, they differentiate
into human immune cells that populate the blood and peripheral lym-
phoid organs. Importantly, engraftment occurs without eliciting graft-
vs-host disease. Prior to SCI, all uninjured hNSG mice were healthy,
i.e., none exhibited weight loss, porphyrin accumulation, vocalizations,
lethargy or behavioral impairment. Moreover, SCI did not prime a de-
structive systemic xenogeneic immune response. Indeed, all data ob-
tained using humanized mice were indistinguishable from data that
our lab and others have generated using other mouse strains (Basso
et al., 2006; Kigerl et al., 2006; Luchetti et al., 2010; Sroga et al., 2003).
Importantly, the pattern of human immune cell infiltration into the in-
jured spinal cord of hNSG mice closely resembles what has been de-
scribed in injured human spinal cords (Fleming et al., 2006; Chang,
2007). Also, the pattern of microglia and monocyte-derived macro-
phage distribution within the lesion core and surrounding spared tis-
sues is stereotypical — resident microglia dominate the penumbra and
spared tissue while most phagocytic cells in the lesion core derive
from infiltrating monocyte-derived macrophages (see Popovich and
Hickey, 2001; Mawhinney et al., 2012, and Fig. 6).

4.1. Potential limitations of the humanized mouse model

Despite the significant promise of thismodel, there are limitations that
must be considered. Achieving optimal engraftment and differentiation of



Fig. 8. Identifying sprouting and spared axons within the lesion of hNSG mice 28 dpi.
(A) An astrocytic glial scar (GFAP+, green) surrounds a lesion core occupied by human im-
mune cells (hCD45+, blue). Neurofilament-labeled axons (red) were predominantly lo-
cated within the surrounding spared matter and glial scar, although some axons
transverse the boundary of the glial scar and are present within the lesion (arrows).
(B) Axons (red) within the lesion core project along deposits of the injury-induced extra-
cellular matrix molecule collagen IV (green). Single plane orthogonal view highlights the
intimate spatial relationship of axons, collagen IV, and human immune cells within the le-
sion (arrows). Scale bars=80 μminA and 25 μminB. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
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human hematopoietic stem cells requires that mice be exposed to
myeloablative irradiation. Irradiation can cause systemic and neural pa-
thology leading to muscle wasting, infection and in severe cases, death
(Li et al., 2001, 2004;Qiu et al., 2010).Wehave shown that the CNS effects
can beminimized or overcome completely using split-dose and low-dose
irradiation protocols (Donnelly et al., 2011). Others have shown that sys-
temic delivery of busulfan, an anti-neoplastic alkylating agent, can pro-
mote efficient chimerism without also adversely affecting the brain or
spinal cord (Kierdorf et al., 2013). Newer, “next-generation” humanized
mouse models could bypass the need for myeloablation altogether.
Mouse hosts with viable mutations in the Kit oncogene lack c-Kit recep-
tors and therefore cannot respond to stem cell factor, a requirement for
endogenous hematopoiesis. By perturbing endogenous c-Kit-dependent
signaling, engraftment of donor HSCs is favored. A recent report describes
the stable and efficient engraftment of human HSCs injected into NSG/c-
kit mutant hybrid mice (McIntosh et al., 2015). Currently, we cannot ex-
clude the possibility that impaired functional recovery after SCI in hNSG
mice relative to SCI non-irradiated NSG control mice is the result of ad-
verse systemic or CNS effects caused by irradiation. However, previous
data fromour lab and others indicate that it is the phenotype and function
of infiltrating leukocytes, not the irradiation protocol, that determines le-
sion pathology and functional recovery after SCI (Donnelly et al., 2011;
Evans et al., 2014; Mawhinney et al., 2012; Shechter et al., 2009).

Given that spinal cord histopathology observed in SCI hNSG mice
mimics what has been described in other mouse strains after SCI, one
could conclude that human cells are irrelevant and that the anatomical
and functional changes are influenced only by residual mouse immune
cells. This is unlikely for a few at least two reasons. First, NSG mice do
not develop T or B lymphocytes (or NK cells) (Shultz et al., 2012).
Thus, even though mouse lymphocytes have been shown to adversely
affect spontaneous recovery in other mouse strains after SCI (Ankeny
et al., 2009; Jones et al., 2002, 2005; Luchetti et al., 2010; Potas et al.,
2006), they do not contribute in NSGmice. Second, even though endog-
enous neutrophils, monocytes and tissue macrophages, including CNS
microglia, persist in NSG mice, the NOD genetic background contains
alleles that render these cells dysfunctional (Shultz et al., 1995).
Accordingly, human immune cells are likely to have themost significant
functional impact in NSGhumanizedmice. In addition to the limitations
listed above, it is possible that because humanmonocytes, macrophages
and natural killer (NK) cells express cytokine receptors that do not
cross-react with all mouse cytokines, optimal human innate immune
cell development is impaired in humanized mice (Gille et al., 2012).
However, a similar deficiency would be expected for T and B lympho-
cytes but these cells do develop in NSG mice.

Many factors can influence the reconstitution of human immune
cells in humanized mice (e.g., source of HSCs, dose/route of cell injec-
tion, age or strain of the recipient). In our hands, the development
of human myeloid cells and lymphocytes proceeds efficiently. At
10 weeks post-engraftment, ~8% of peripheral blood leukocytes are
hCD45+. This reconstitution efficiency is consistent with reports from
other laboratories (Lepus et al., 2009; Tanaka et al., 2012). Although
this is a seemingly low percentage of all circulating cells, this underesti-
mates the absolute numbers of human immune cells that exist in gener-
ative lymphoid tissues including bone marrow and spleen. Also, the
ratio of human:mouse cells continues to increase as the mouse grows;
by 17 weeks post-engraftment, ~60% of circulating leukocytes were
hCD45+ and of these, ~25% were human monocytes. This is consistent
with the proportion of monocytes found in other laboratories using hu-
manized mice that were genetically engineered to express cytokines
needed for human innate immune cell development (Rongvaux et al.,
2014). Based on data in this manuscript, it is clear that a robust
human immune cell repopulation occurs throughout the body and
that in response to SCI, a robust cellular human inflammatory response
of appropriate onset, magnitude and duration occurs at the injury site.

5. Conclusions

Since immune cells significantly affect neuron survival and axon
growth and also are required to defend the body against infection, it is
of paramount importance that the pathophysiological significance of
SCI-induced changes in immune system function be determined. Hu-
manized mouse models are ideally positioned to complement standard
rodent models, and these mice will have a unique value within the SCI
research community. Humanized mice allow for the direct study of
human inflammation and immune function in vivo, with techniques
that are currently impractical in human SCI patients. While humanized
mice require a degree of specialized knowledge and resources, they are
considerably less expensive and easier toworkwith than other large an-
imal models (i.e. non-human primates). Such a platform may allow for
the investigation of promising cell transplantation strategies, human
specific immune modulatory therapies, and changes in immune func-
tion after SCI. Findings from such studies may aid in the discovery and
translation of potential treatments with a goal for improving the quality
of life for individuals with SCI.
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