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Introduction
Macrophage activation syndrome (MAS) is a complication in a variety of  rheumatoid disorders (1). It is 
most notably associated with systemic onset juvenile idiopathic arthritis (SoJIA), where studies have found 
evidence of  frequent subclinical episodes that often progress to overt, potentially fatal disease (2–4). It 
also occurs in Kawasaki disease and systemic lupus erythematosus and sporadically in a myriad of  other 
syndromes (5). MAS is the result of  an uncontrolled, hyperactive immune response, often to an identifiable 
infection but in many cases lacking a known trigger (6). High levels of  T cell–produced cytokines such 
as IFNγ, TNFα, and GM-CSF result, activating macrophages and other myeloid cells. These activated 
macrophages attack cells and tissues directly through phagocytosis and contribute to persistent systemic 
inflammation via release of  IL-1 and IL-6, as well as other proinflammatory cytokines. This unchecked 
cytokine production leads to a cytokine storm, resulting in widespread organ damage, and is believed to be 
a key factor in progression of  the disease. MAS occurs along a broad spectrum of  intensity, with many mild 
cases likely going undiagnosed while severe cases lead to life-threatening complications.

MAS is frequently classified as a subtype of  hemophagocytic lymphohistiocytosis (HLH). Many 
cases of  HLH result from specific mutations, leading to impaired cytotoxicity of  T or NK cells. These 
cases of  primary HLH involve defects in the production, processing, or release of  perforin by cytotoxic 
T and NK cells. Other cases of  acquired HLH are often associated with malignancies or viral infections 
or other immune-activating processes. The precise mechanisms of  secondary HLH are poorly under-
stood. Regardless of  the initiating event for these diseases, the final condition is defined by an overac-
tive immunity that leads to chronic inflammation and hemophagocytosis. The existing treatments for 
all HLH-like conditions are very similar, as well, relying on various immune suppressive regimens of  
dexamethasone or other steroids, cyclosporine, and etoposide. These therapies are, themselves, toxic 

Transgenic expression of key myelosupportive human cytokines in immune-deficient mice corrects 
for the lack of cross-species activities of stem cell factor (SCF), IL-3, and GM-CSF. When engrafted 
with human umbilical cord blood (UCB), these triple-transgenic mice produce BM and spleen 
grafts with much higher myeloid composition, relative to nontransgenic controls. Shortly after 
engraftment with UCB, these mice develop a severe, fatal macrophage activation syndrome (MAS) 
characterized by a progressive drop in rbc numbers, increased reticulocyte counts, decreased rbc 
half-life, progressive cytopenias, and evidence of chronic inflammation, including elevated human 
IL-6. The BM becomes strikingly hypocellular, and spleens are significantly enlarged with evidence 
of extramedullary hematopoiesis and activated macrophages engaged in hemophagocytosis. This 
manifestation of MAS does not respond to lymphocyte-suppressive therapies such as steroids, 
i.v. immunoglobulin, or antibody-mediated ablation of human B and T cells, demonstrating a 
lymphocyte-independent mechanism of action. In contrast, elimination of human myeloid cells 
using gemtuzumab ozogamicin (anti-CD33) completely reversed the disease. Additionally, the IL-6R 
antibody tocilizumab delayed progression and prolonged lifespan. This new model of MAS provides 
an opportunity for investigation of the mechanisms driving this disease and for the testing of 
directed therapies in a humanized mouse.
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and add to the morbidity of  the already sick patient. Moreover, this approach is likely to be most effec-
tive against lymphoid drivers of  disease. While the principal pathology in primary/familial HLH is 
indeed uncontrolled activation of  lymphocytes, this is not the case in secondary HLH or MAS. These 
treatments may thus not be appropriate for MAS (7). Newer therapies such as the IL-6 receptor (IL-6R) 
inhibitor tocilizumab, the IL-1 receptor antagonist anakinra, and TNFα inhibitors are all being evaluat-
ed for efficacy and safety in patients with HLH or MAS (6).

Numerous mouse models now exist that fulfill as few as 0 and as many as all 8 of  the HLH diagnostic 
criteria (8). Many are built upon genetic KO of  the key genes identified in primary HLH cases. Several 
others have been created to model secondary HLH/MAS. All of  these existing models require activation of  
the immune system by a trigger — such as lymphocytic choriomeningitis virus (LCMV) (9), Epstein-Barr 
virus (EBV) (10), or cytomegalovirus (CMV) (11) — or by stimulation of  TLRs (12). These models have 
been invaluable in the identification of  new therapeutic strategies and for exploring the mechanisms behind 
the disease (13–15). However, there are still cases that lack any identified genetic cause or trigger. Many 
cases are refractory to available therapies, and others develop in patients already receiving immunosuppres-
sive therapy for other disorders. A lymphocyte-independent, effector-driven model would allow for a more 
focused examination of  the contributions of  the monocyte/macrophage arm to MAS/HLH and may result 
in identification of  new therapeutic strategies that may be applicable to these difficult cases.

The NOD/SCID-IL2Rγnull (NSG) and NOD/RAG-IL2Rγnull (NRG) mouse strains have a complete 
lack of  lymphoid cells and have additional defects in innate immunity. As a result, human cell engraftment 
in NSG and NRG mice is more efficient and durable, and it includes T cell development that had been 
lacking in older models, making these strains among the best options for creating a human immune system 
mouse (16–19). However, these mice allow only limited human myeloid repopulation, which results in inef-
fective development of  functional immunity. In order to address this problem, our lab and others generated 
mice (here called NSGS and NRGS) with transgenic expression of  human stem cell factor (SCF), IL-3, and 
GM-CSF, circumventing the problem of  poor cross reactivity of  the corresponding murine cytokines with 
human receptors. The result is a mouse with superior human myeloid cell engraftment and output (20–24).

Here, we demonstrate the development of  MAS in umbilical cord blood–engrafted (UCB-engrafted) 
NSGS and NRGS mice. Upon engraftment, mice rapidly develop a progressive anemia without the need for 
exogenous immune stimulation. The mice fulfill many of  the diagnostic criteria of  secondary HLH/MAS, 
including pancytopenia, splenomegaly, hemophagocytosis, fever, and increased soluble CD25 (sCD25). This 
model does not respond to human lymphoid cell ablation; however, mice make full recoveries after treatment 
with gemtuzumab ozogamicin, indicating a CD33+ cell is required for the observed phenotypes. Mice with 
active MAS have increased inflammatory cytokines, including IL-6. Targeting of  this pathway with the 
IL-6R inhibitor, tocilizumab, slowed disease progression and led to an increased lifespan. This effector-driv-
en model should be useful to assess the value of  therapies that target activated macrophages that are central 
to both the inflammation and phagocytic aspects of  HLH and MAS. Effector-specific (lymphoid-sparing) 
treatments would likely also be less immunosuppressive, potentially reducing the morbidity.

Results
UCB-engrafted NSGS mice develop fatal hemophagocytosis. We found that humanized NSGS mice (hu-NSGS) 
had a significantly shorter lifespan relative to conditioned, nonhumanized NSGS mice or hu-NSG mice. 
For example, in one experiment, 5 of  16 hu-NSGS became moribund between 16–20 weeks of  engraft-
ment, while 0 of  19 hu-NSG became ill. Gross necropsy revealed pale bones and organs, as well as enlarged 

Table 1. UCB engrafted NSGS mice are pancytopenic.

Mouse 
Strain

WBC 
(K/μl)

RBCs 
(M/μl)

Hemoglobin  
(g/dl)

Hematocrit  
(%)

Platelets  
(M/μl)

NSG (14)  
(14 weeks)

2.95 ± 0.54 8.46 ± 0.72 13.9 ± 1.0 52.8 ± 4.2 987 ± 156

NSGS (25)  
(14 weeks)

A1.87 ± 0.65 A3.92 ± 0.83 A8.1 ± 1.5 A33.2 ± 6.0 A794 ± 248

AP < o.o5 by Mann-Whitney U test.
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Figure 1. Characterization of MAS in NSGS mice. (A) Survival of UCB-engrafted NSGS mice and nonengrafted control (CNTL) NSGS mice. (B) Serial rbc 
counts from NSG, NSS, and NSGS mice engrafted with the same UCB and nonengrafted controls. Average result is shown for each group. (C) Periph-
eral blood samples from B were analyzed for reticulocytes. (D) Persistence of CFSE-labeled rbcs in UCB-engrafted NSG and NSGS mice over time. 
Small-volume serial bleeds were performed, and CFSE-positive cells were enumerated by flow cytometry. Half-life was determined by solving for the 
equation of the line of best fit generated by Excel. (E) Serial rbc counts from anemic mice receiving transfusions. Transfusions occurred just after the 
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spleens in these moribund hu-NSGS. Importantly, there was no evidence of  T cell–mediated graft ver-
sus host disease (GVHD) (data not shown). Analysis of  a large number of  hu-NSGS showed that 100% 
of  mice died between 10 and 27 weeks of  engraftment, while all nonengrafted control mice remained 
alive and well (Figure 1A). The peripheral blood (PB) of  mice at 14 weeks revealed anemia, as indicated 
by significantly lower rbc counts, hemoglobin, and hematocrit in hu-NSGS relative to hu-NSG (Table 1,  
P < 0.05, Mann-Whitney U test). Additionally, the wbc and platelet counts were also significantly lower, 
indicating a pancytopenia involving all major blood lineages.

To further investigate this finding, we engrafted several strains of  mice in parallel with identical UCBs. 
Serial analysis of  PB showed a rapid decline of  rbc numbers in hu-NSGS but not in conditioned nonen-
grafted mice, effectively ruling out long-term effects of  exposure to busulfan conditioning (Figure 1B). 
While hu-NSG and hu-NSS (NSGS with WT IL-2Rγ) mice showed some minor trend toward lower rbc 
counts over time, these were much slower to appear and were not accompanied by the dramatic increase in 
reticulocyte counts that were consistently observed in hu-NSGS (Figure 1C).

The reticulocytosis suggests that the anemia we observed was due to increased consumption or destruc-
tion of  erythrocytes. To further investigate the mechanism of  the anemia, we labeled rbcs from donor mice 
with CFSE dye, injected them into hu-NSG and hu-NSGS animals, and monitored their persistence over 
time. The estimated half-life of  rbcs in hu-NSG was 17.6 days, while it was only 14.7 days in hu-NSGS 
(Figure 1D). In addition, transfusion of  whole unlabeled blood provided only a minor, transient benefit 
to anemic hu-NSGS (Figure 1E). This data suggests that a consumptive process, rather than a production 
problem, is occurring in hu-NSGS.

Additionally, we found a significantly lower marrow cellularity (Figure 1F) and a marked sple-
nomegaly (Figure 1G) that became more pronounced over time. An example of  an advanced case of  
BM hypocellularity with abundant fatty tissue is shown (Figure 1H). Evidence of  hemophagocytosis 
was readily observed in hu-NSGS spleens, along with abundant nucleated rbc precursors (asterisks) 
and hemosiderin-laden macrophages (arrows, Figure 1I, top row). The BM showed dominant myeloid 
engraftment (middle left) with frequent giant cells (middle right) generated from macrophage fusion, 
likely indicating chronic inflammation. Hemophagocytosis was also readily found in the liver where 
wbc engulfment was most apparent (bottom row). Body temperatures of  hu-NSGS were significantly 
elevated relative to nonengrafted controls (Figure 1J). We also found a significant increase in sCD25 
(IL-2R) in the serum of  hu-NSGS mice (Figure 1K). Taken together, these data all strongly suggest a 
xenogeneic model of  secondary HLH or MAS.

Anemic NSGS fail to respond to lymphocyte ablation. HLH and MAS are often treated with antilym-
phocyte therapies such as steroids, immunoglobulins, etoposide, and cyclosporine directed mainly 
toward controlling CD8+ T cells. We have previously shown that the anti–T cell antibody OKT3 is 
capable of  specifically eliminating human T cells from xenografts (25), so we employed this method to 
attempt a cure in anemic hu-NSGS mice. Surprisingly, repeated dosing with OKT3, rituximab (anti-
CD20, targeting B cells), or both did not correct or slow the progressive anemia (Figure 2A). Dexa-
methasone treatment was similarly ineffective. Combined rituximab/OKT3 treatment led to a further 
reduction of  wbc in the blood compared with control, which is consistent with the depletion of  human 
B and T cells from the periphery (PBS (n = 13) 1.73 k/μl ± 0.82 vs. R/O (n = 14) 1.02 k/μl ± 0.34; 
P = 0.0172 by Mann-Whitney U test). Platelet numbers were statistically unimproved in these mice 
(PBS 624 ± 209 k/μl vs. R/O 707 k/μl ± 172). To determine whether this failure was due to treating 
an out-of-control disease too late in the process, we treated preanemic mice with combined OKT3-rit-
uximab therapy beginning just 1 day after engraftment to completely ablate lymphocyte production in 
hu-NSGS mice. Despite the total ablation of  B and T lymphocytes from the mice, disease development 
was not altered in the treated mice relative to PBS control, demonstrating a lymphocyte-independent 
etiology (Figure 2B and data not shown).

baseline bleed at day 0. (F) Total BM cell counts of nonengrafted CNTL or UCB-engrafted NSGS mice. (G) Spleens from sacrificed animals in F were 
weighed. (H) H&E stains of formalin-fixed femurs from engrafted mice. (I) Spleen, BM, and liver samples from engrafted NSGS mice were spun onto 
slides and stained with Wright-Giemsa. (J) Rectal temperatures were determined for active control nonengrafted mice and UCB-engrafted hu-NRGS 
mice. (K) Soluble IL2-Rα (sCD25) levels in the plasma of engrafted NSG and NSGS mice were determined by ELISA. *P < 0.05 by Mann-Whitney U 
test. Panels F, G, and J are box and whisker plots with the bounds of the box indicating the 1st and 3rd quartiles, the line within the box showing the 
mean, and the whiskers comprising the range of all data points.
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Mice improve with direct targeting of  human myeloid cells. The CD52 monoclonal antibody alemtuzumab 
(Campath) has been used with success as salvage therapy in cases of  refractory and secondary HLH, whose 
disease manifestations mimic those of  MAS (26, 27). In contrast to anemic mice that received dexametha-
sone, immunoglobulin, or anti-B/T antibodies, mice that received Campath showed a rapid, full recovery 
of  rbc counts and disease manifestations (Figure 2C). However, when we examined BM and spleen for 

Figure 2. NSGS MAS is a lymphoid-independent, myeloid-driven disease. (A) Engrafted NSGS mice with MAS were treated with weekly doses of 
antibodies or steroids to ablate or inhibit human B and T cell activities (IVIG, i.v. Ig; Rit, rituximab; DEX, dexamethasone). The rbc counts before 
and after are shown for each mouse in a representative experiment. Each treatment was repeated in additional experiments at least 3 times. (B) 
Newly engrafted mice were given combinations of Rit and OKT3 to prevent B and T cell reconstitution in NSGS mice. The rbc counts were determined 
12 weeks after engraftment. Three mice per group were used in this representative experiment. Mean ±SD and individual mice are shown. (C) The 
experiment in A was repeated to include Campath and Mylotarg. Each treatment was repeated in at least 3 experiments. (D) Spleen preparations 
from antibody-treated mice were subjected to flow cytometry to demonstrate the degree and specificity of monoclonal antibody depletion in vivo. (E) 
PB rbc counts from engrafted mice or nonengrafted controls (CNTL). (F) Spleen weights and (G) BM cellularity were determined in the same mice as E.  
*P < 0.05 by Mann-Whitney U test. Panels E, F, and G are box and whisker plots with the bounds of the box indicating the 1st and 3rd quartiles, the 
line within the box showing the mean, and the whiskers comprising the range of the data points.



6insight.jci.org      doi:10.1172/jci.insight.88181

R E S E A R C H  A R T I C L E

engraftment, we found a complete lack of  human cells (Figure 2D). Further examination confirmed that 
all hematopoietic cells of  human xenografts stain positive using a CD52 flow antibody (data not shown). 
Therefore, Campath eliminates the entire graft and not just the human lymphocytes. While this result does 
not help to identify the specific effector cell(s) driving the disease, it does show that the human graft is 
responsible and that the disease is reversible.

We also tested a CD33 targeted myeloablating chemotherapy, gemtuzumab ozogamicin (Mylotarg, 
MT), which has previously been used to treat acute myeloid leukemia (28). The rbc counts rebounded 
after MT treatment, and analysis showed specific depletion of  the myeloid but not the lymphoid compo-
nent of  the graft (Figure 2, C–E). Additionally, MT-treated mice showed marked improved in appearance, 

Figure 3. Identification and efficacy of targeting IL-6/IL-6R signaling. (A) Levels of several human inflammatory cytokines were measured in the plasma 
of control nonengrafted (CNTL) or long-term UCB-engrafted NSG and NSGS mice by multiplex ELISA. n = 4 CNTL NSGS, n = 9–13 UCB-NSGS, n = 4 CNTL 
NSG, and n = 7 UCB-NSG samples were used for analysis. LLOQ, lower limit of quantification. *P < 0.05 by Mann-Whitney U test. (B) Plasma levels of 
human cytokines in UCB-engrafted NSGS mice after the indicated treatments. CAM, Campath/alemtuzumab; MT, Mylotarg/gemtuzumab ozogamicin; 
R/O, rituximab + OKT3. n = 11 PBS, n = 3 CAM, n = 9 MT, and n = 3 R/O. One-way ANOVA followed by Tukey HSD test was used to determine significance. 
(C) Tocilizumab treatment was delayed until the mice had significant loss in PB rbc counts. Treatment started after the week 17 baseline measurement.  
n = 17 mice per group. (D) UCB-engrafted NSGS were treated with PBS or tocilizumab (Tocil) before anemia could be detected. Serial blood counts were 
taken at the indicated times. Treatment started after the week 8 baseline measurement. n = 10 mice per group. Panels C and D are box and whisker plots 
with the bounds of the box indicating the 1st and 3rd quartiles, the line within the box showing the mean, and the whiskers comprising the range of the 
data points. Repeated measures 2-way ANOVA was performed on the data in C and D to determine significance. (E) Treated mice were followed long-term 
for survival. The log rank test was used to determine differences in survival.
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splenomegaly was nearly corrected, and BM cellularity improved significantly (Figure 2, F and G, and 
data not shown). These data demonstrate a myeloid-driven pathology and strongly suggest MAS rather 
than lymphocyte-driven secondary HLH.

Tocilizumab delays disease progression. Many studies have investigated the cytokine profiles of  patients 
with secondary HLH and MAS. Using multiplex ELISA assays, we analyzed the serum from mice with 
active disease in order to determine which human cytokines were expressed. While many cytokines were 
very low (IFNγ, IL-12p70, IL-13, RANTES, TNFα, IL-1A) or negative (IL-23, M-CSF, MMP-7, MMP-1, 
IL-1B, IL-4) in the majority of  samples, we identified several cytokines (MIP-1A, MIP-1B, IL-1Ra, IL-6, 
IL-10) specifically increased in hu-NSGS with active disease relative to healthy hu-NSG (Figure 3A). 
Control sera from nonhumanized mice demonstrated the specificity of  the antibodies for human cyto-
kines. To correlate cytokine expression with disease status, we tested sera from hu-NSGS that were cured 
of  disease due to total graft eradication (Campath) or specific ablation of  human myeloid cells (MT), as 
well as diseased hu-NSGS ablated for lymphocytes (rituximab/OKT3). IL-1Ra levels disappeared with all 
treatments, including rituximab/OKT3, which did not affect disease phenotype and therefore seems less 
relevant in our model (Figure 3B). In contrast, MIP-1A, MIP-1B, and IL-6 were decreased upon MT or 
Campath therapy but not with rituximab/OKT3 (R/O) treatment, indicating that a human myeloid cell is 
likely the cell responsible for production of  these cytokines. Interestingly, IL-10 was significantly decreased 
in sera from all 3 treatment groups. It is possible that one or more of  these signals is important for disease 
initiation and/or progression and may represent a target for therapeutic intervention.

IL-6 is a target that is being pursued in the clinic. A clinical trial is underway to examine the efficacy of  
tocilizumab, a monoclonal antibody against the IL-6 receptor, as an adjunct therapy for HLH (www.clini-
caltrials.gov, identifier NCT02007239). This antibody has also shown some success in 2 recent case reports 
of  secondary HLH induced by disparate triggers (29, 30). To determine efficacy of  tocilizumab in diseased 
hu-NSGS mice, we treated anemic mice and found a slowing of  the progressive drop in rbc counts, which 
were significant after several weeks of  therapy (Figure 3C). We did not find any significant changes in wbc or 
platelet numbers in the PB of  tocilizumab-treated mice relative to PBS injected controls. We observed similar 
effects in mice that were treated early after engraftment, before anemia was detectable (Figure 3D). Addi-
tionally, the treated mice showed a marked improvement in appearance, and tocilizumab treatment resulted 
in a significant extension in lifespan, indicating a modest benefit of  this approach in this model (Figure 3E).

Discussion
Here, we present a xenograft model of  MAS. Establishment of  a human immune cell graft in NSGS mice 
resulted in progressive disease with many of  the hallmarks of  secondary HLH and MAS. Disease man-
ifestation was reversible upon graft eradication with Campath or by specific ablation of  human myeloid 
but not of  lymphoid cells. A number of  inflammatory cytokines tracked with disease status, and targeted 
therapy using tocilizumab was effective in slowing disease progression and significantly extending the life 
of  affected mice. This model will be useful to explore the mechanisms of  disease initiation and progression 
and has utility for preclinical testing of  novel therapies. For example, it will be very interesting to follow up 
on the success demonstrated here with gemtuzumab ozogamicin and identify additional targetable mole-
cules on the surface of  the myeloid effectors. An ideal target would be more selective than CD33 or specific 
to the aberrant hyperactive state found in MAS. Such an approach could be invaluable in combating cases 
that are refractory to currently available therapies.

While MAS was readily apparent in the NSGS/NRGS strains, it was notably absent in NSS mice, 
which also contain the transgenic cytokines but retain the common γ chain. On the cellular level, a 
major consequence is that NSS mice retain functional endogenous NK cells, which may exert enough 
immune activity to suppress the expansion or function of  the necessary human myeloid cells. NK 
activity has long been believed to be a barrier to human engraftment in NOD/SCID mouse strains. 
This can be overcome by genetic inactivation or antibody depletion of  murine NK cells (31, 32). Using 
a genetic BM transplant model, a recent report has shown that functional NK cells were sufficient to 
protect Prf1–/– BM-transplanted mice from many of  the features of  LCMV induced HLH (33). Consis-
tent with our findings, this model also observed HLH development in Rag2–/– IL2rg–/– recipient mice, 
but not in Rag2–/– IL2rg+/+ recipient mice. Additional relevant findings relating to our model were that 
NK protection was IFNγ independent and was associated with reduced inflammatory macrophage 
tissue infiltration.
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One other xenograft model has been described that utilizes UCB engraftment into immune deficient 
mice (10). In this model, utilizing the NOD/SCID-IL2Rγ(truncated) mouse (NOG, very similar to NSG), a 
majority of  the mice developed fatal HLH by 10 weeks after infection with EBV and exhibited significant 
expansion of  T cells, increased IFNγ, and infiltration of  T and phagocytic myeloid cells into numerous tis-
sues. This model built on previous reports of  recapitulation of  HLH phenotypes in NOD/SCID mice upon 
transplant of  herpesvirus saimiri –transformed (HVS-transformed) T cell lines generated from HLH patients 
(34) or in NOG mice after transfer of  peripheral blood mononuclear cells (PBMNCs) from EBV-infected 
HLH patients (35). Our model is markedly different than these in that the macrophage cells are activated 
independently of  lymphocytes and the latter are dispensable for the phenotype (Figure 2). Instead, mice 
showed a remarkable recovery upon treatment with a clinically relevant myeloid-depleting antibody.

Consistent with the lack of  a requirement for T cells in our model, we observed a relatively low level  
of  IFNγ, a central component in other models of  HLH. Recent studies have shown that the role of  lym-
phocyte-derived IFNγ may not always be required in the initiation of  inflammation, particularly in mod-
els of  secondary HLH and MAS. There are sporadic cases without increased levels of  IFNγ (36). Direct 
activation of  innate immune cells via TLR9 activation was dependent on IFNγ but did not require lym-
phocytes, implicating an alternative source of  IFNγ in this model (12). Subsequently, it was shown that 
TLR9 activation, along with IL-10 inhibition, completely bypasses the requirement for IFNγ for fulminant 
MAS, demonstrating the potential for noncanonical mechanisms of  MAS initiation (37). Further evidence 
comes from a recent study of  CMV-induced secondary HLH in BALB/c mice (11). In this approach, not 
only did depletion of  CD8+ T cells not affect disease, but IFNγ-deficient mice actually developed a more 
robust form of  HLH. Additionally, a mutation in NLRC4 was shown to result in activation of  macrophage 
inflammasomes and secretion of  high levels of  IL-1β and IL-18, which led to MAS without increased IFNγ 
or lymphocyte cytotoxic defects (38). Macrophage cells from patients with chronic granulomatous disease, 
a group susceptible to MAS, have been shown to have a similar activation of  inflammasomes and IL-1α 
and IL-1β release resulting from mutations that cause NADPH oxidase inactivation (39). These findings in 
patients highlight the possibility that myeloid intrinsic defects can drive the disease.

There is substantial evidence that dysregulated GM-CSF signaling contributes directly to pathogenic 
inflammatory conditions. Transgenic GM-CSF mice displayed increases in inflammatory cytokines and 
macrophage accumulation and activation resulting in significant, fatal tissue damage (40), while more 
focused transgenic expression led to autoimmune gastritis (41). Injection of  GM-CSF into mice worsened 
collagen-induced arthritis (42), while — on the other hand — GM-CSF KO mice are resistant to induction 
of  arthritis (43). The GM-CSF pathway has also been shown to play a role in rheumatoid arthritis (RA) 
and has recently been studied as a potential therapeutic target. The GM-CSFRα monoclonal antibody 
mavrilimumab has shown promise in clinical trials to treat RA (44). This is a substantial shift in therapy in 
that traditional treatment has focused on control of  the lymphocytes and their activities (TNFα signaling), 
while mavrilimumab aims to target the effector cell directly. Targeting GM-CSF for blockade is a promising 
strategy for a number of  autoimmune and inflammatory disorders (45). These disorders are likely to have 
downstream pathways in common with HLH and MAS. Our model of  secondary HLH/MAS will allow a 
dissection of  these downstream signals and permit the testing of  therapeutic targeting strategies.

Additional information comes from mouse models with overexpression of IL-3 and SCF. When murine 
IL-3 expression was unrestricted from a CMV promoter, an ALS-like state was observed due to autoimmune 
activity against spinal cord motor neurons, which led to hind-limb paralysis and death at around 10 months of  
age (46). Similarly, cerebral restricted expression of murine IL-3 using a glial fibrillary acidic protein (GFAP) 
promoter also resulted in neurological defects; however, the observed phenotypes were more MS-like and were 
correlated with inflammation and recruitment of macrophages, leading to demyelination (47). These earlier 
studies highlight the ability of IL-3 to provoke inappropriate hematopoietic cell responses. A study of a human 
SCF transgenic mouse found that hSCF decreased c-kit (the SCF receptor) and interfered with murine SCF/c-kit 
signaling without inducing signaling through c-kit (48). Similar to our model, a membrane-bound human SCF 
causes anemia and increased myeloid engraftment when expressed in NSG mice (49), a phenotype that is remi-
niscent of that observed in mice with loss of function SCF alleles (50). It is unclear how the high levels of soluble 
human SCF in our model might affect erythropoiesis, however, given that membrane associated and soluble 
forms of SCF may have differential activities (51). It is quite possible that the MAS that develops in our model 
may not be easily attributable to a single cytokine but may rather be the result of a mixture of all 3, with distinct 
and overlapping effects on both human myeloid differentiation and function, as well as murine erythropoiesis.
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JAK inhibition has recently been identified as a potential therapy for primary and secondary HLH (15). 
Interestingly, the study of  NLRC4-MAS identified increased levels of  both IL-3 and SCF in the serum of  
those patients (38). While it is unclear which of  the transgenic human cytokines is key for MAS develop-
ment in our model, both IL-3 and GM-CSF signal through the JAK/STAT pathway, suggesting that our 
model may be ideal to assess the utility of  such a therapy.

Screening of  long-term hu-NSGS mice for evidence of  inflammatory cytokines associated with HLH 
identified several relevant proteins. MIP-1α and -β (CCL3/CCL4) chemokines were specifically elevated, 
and their levels correlated with diseases status. These chemokines play key roles in attracting immune cells 
to areas of  inflammation and infection, although their specific role in HLH/MAS is currently unknown. 
It would be of  interest to determine whether neutralization of  these proteins would partially interfere with 
the unfettered cycle of  inflammation and ameliorate any of  the disease phenotypes. Elevated serum IL-10 
is a highly specific and accurate biomarker for the diagnosis of  HLH, particularly when combined with 
elevated IFNγ and moderate IL-6 (52). In the current model, elevated IL-10 was present and the levels 
decreased upon disease eradication. Interestingly, IL-10 levels decreased with either myeloid or lymphoid 
cell ablation, indicating that both populations are central to IL-10 production. This blunted IL-10 produc-
tion after lymphoid ablation is reminiscent of  that seen in the TLR9 MAS model when B/T/NK-deficient 
Rag2–/– mice were used (12). While monocytes likely produce the bulk of  the IL-10, some lymphocytes, 
such as peritoneal B cells, have been shown to produce IL-10 upon TLR9 stimulation (53). However, given 
that IL-10 is a key negative regulator of  macrophage activity, it is unclear what role it may play in disease 
pathogenesis, and it is unlikely to be a therapeutic target for the treatment of  HLH (54).

Inhibition of  IL-6 signaling with tocilizumab, an anti–IL-6R monoclonal antibody, has shown dramat-
ic results in the successful control of  RA and in the treatment of  other disorders associated with increased 
levels of  IL-6 (55, 56). IL-6R inhibition with tocilizumab is an attractive option for combating cytokine 
release syndrome, a state that closely resembles MAS/HLH, which can develop following treatment with 
chimeric antigen receptor–modified T cell or bispecific T cell engager therapies for leukemia. (29, 57). Early 
results demonstrate efficacy while minimizing the risk of  T cell inactivation that comes with other options 
(58). Tocilizumab has also shown some promise in secondary HLH and is being tested in a clinical trial 
as an adjunct therapy for HLH (29, 30). The results we obtained in the current study would indicate there 
may be a role for tocilizumab in controlling secondary HLH/MAS. Interestingly, a study of  tocilizumab 
for patients with SoJIA observed the appearance of  MAS in approximately 4% of  the cohort, similar to the 
reported frequency of  MAS found in SoJIA patients not receiving tocilizumab (59, 60). Similarly, SoJIA 
patients treated with other biologic therapies including canakinumab, etanercept, and anakinra showed a 
low frequency of  MAS development while on therapy, indicating that single cytokine inhibition may not 
be sufficient to prevent the development of  MAS. Whether these therapies are able to affect the severity of  
disease, as shown for tocilizumab in the present study, remains to be examined. In addition, the question 
of  whether combinations of  agents are more effective than single-agent therapy should be experimentally 
tested. The model presented in this study affords a platform in which to pursue such studies.

Methods
Xenografts. NS, NSG, and NRG mice were obtained from Jackson Laboratories. NSS (24), NSGS 
(21), and NRGS (25) are derivative strains that express human SCF, GM-CSF, and IL-3. Mice were 
bred, housed, and used in a pathogen-free facility at CCHMC according to standard procedures. Mice 
were conditioned with a single 30 mg/kg i.p. dose of  busulfan 24 hours before tail vein injection of  
OKT3-treated unfractionated UCB cells, as described (25). Serial CBC analysis was performed on PB 
collected from tail veins using a HemaVet 9500 (Drew Scientific). Reticulocytes were determined with 
the Retic-Count reagent according to the manufacturer’s recommendations (BD Biosciences). Whole 
BM cellularity was calculated from HemaVet-generated wbc counts after crushing bones in a set volume 
of  buffer with a mortar and pestle. Bone samples were stored in 10% formalin prior to paraffin embed-
ding and staining with H&E. Rectal temperatures were taken from active mice with a model BAT-12 
physitemp instrument (Physitemp Instrument Inc.).

Cytospins and microscopy. Cells (2 × 104  to 6 × 104) in 200 μl PBS/2% FBS from single-cell preparations 
of  BM, spleen, and liver were added to Shandon Single Cytofunnels (Thermo Scientific) clipped to glass 
slides and centrifuged using a Cytospin 4 centrifuge (Thermo Scientific) set at 500 rpm (28 g) for 5 min-
utes at medium acceleration. After drying, cells were stained with Protocol Wright Giemsa Stain (Fisher 
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Scientific) according to the manufacturer’s suggested procedure. Images were acquired with NIS Elements 
software from a Nikon Eclipse 80i microscope equipped with a Nikon DS-Fi1 camera.

Transfusions. Donor mice were bled from tail veins into 1.5-ml tubes containing 24 U of  heparin and 
EDTA at a final concentration of  2 mM. Pooled donor blood (350 μl) was immediately injected into the tail 
veins of  recipient mice. For CFSE experiments, blood was washed with PBS/2% FBS and then incubated 
for 1 hour at 37°C in 10 μM CFSE (Invitrogen) before being rewashed and infused into recipient mice.

Treatment of  anemic mice. Mice were treated with weekly 10 mg/kg i.p. doses of  i.v. immunoglobulin 
(IV/IG, Gammagard, Baxter Healthcare) or monoclonal antibodies against human CD20 (rituximab, Rit-
uxan, Genentech), CD52 (alemtuzumab, Campath, Genzyme Corporation), and/or CD3 (OKT3, catalog 
BE0001-2, BioXcell). Tocilizumab (anti–IL-6R, Actemra, Genentech) was given twice per week. IV/IG, 
rituximab, alemtuzumab, and tocilizumab were obtained from the residual unused portion of  single-use 
vials used clinically at CCHMC. Gemtuzumab ozogamicin (GO, MT, Wyeth/Pfizer) was a gift from May 
Kung Sutherland (Seattle Genetics, Seattle, Washington, USA) and was used at 0.1 mg/kg. All antibodies 
were diluted in PBS containing 2% FBS. Dexamethasone (APP Pharmaceuticals) was given at 1 mg/kg, i.p.

Flow cytometry. Spleen preparations were stained with antibodies in PBS/3% FBS at 4°C for 2 hours. 
Antibodies were against mouse CD45 (APC-Cy7, BD Biosciences, catalog 557659) and against human 
CD45 (FITC, BD Biosciences, catalog 555482), CD13 (PE, BD Biosciences, catalog 555394), CD33 (APC, 
BD Biosciences, catalog 551378), CD3 (PE-Cy7, BD Biosciences, catalog 557851), and CD19 (VioBlue, 
Miltenyi Biotec, catalog 130-098-598). Anti-FcγR antibodies were also added against mouse (Miltenyi Bio-
tec, catalog 120-003-855) and human (Miltenyi Biotec, catalog 120-000-442). After washing, samples were 
assessed with BD FACSCanto machines and data was analyzed with FloJo software (Tree Star Inc.).

Multiplex ELISA. Peripheral blood samples were obtained from mice at sacrifice by cardiac puncture 
and were collected in EDTA tubes. Plasma samples were prepared by centrifugation at 15,000 g for 10 min-
utes. Samples were stored at –80°C until analyzed. All ELISA results were obtained from custom Procarta-
Plex panels created by combining multiple simplex bead sets. Assays were run using the Procarta Human 
Basic Kit (eBioscience, catalog EPX010-10420-901). A separate single simplex bead kit was used alone for 
the sCD25 data presented in Figures 1 and 3.

Statistics. Statistics were performed with GraphPad Prism 6 software. Unless specified below, signif-
icance was determined by Mann-Whitney U analysis. P < 0.05 was used as a cut off  for significance. 
For comparison of  multiple treatment groups in Figure 3B, one-way ANOVA was performed, followed 
by Tukey tests. For differences in survival, the log rank test was used. In Figures 3, C and D, the 2-way 
repeated measures ANOVA was performed.

Study approval. Animal handling is according to the NIH and the Association for Assessment and 
Accreditation of  Laboratory Animal Care (AAALAC) and experiments were performed under a protocol 
approved by the IRB of  CCHMC. UCB samples were obtained from the Translational Trials Development 
Support Laboratories of  CCHMC after informed consent and are also approved by the CCHMC IRB.
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