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cAIMP administration in humanized mice induces a chimerization-
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Introduction

Summary

It is well understood that the STING signalling pathway is critical for gen-
erating a robust innate immune response to pathogens. Human and mouse
STING signalling pathways are not identical, however. For example, mice
lack IFI16, which has been proven important for the human STING path-
way. Therefore, we investigated whether humanized mice are an appropri-
ate experimental platform for exploring the human STING signalling
cascade in vivo. We found that NOG mice reconstituted with human cord
blood haematopoietic stem cells (humanized NOG mice) exhibit human
STING signalling responses to an analogue of the cyclic di-nucleotide
cGAMP. There was an increase in the proportions of monocytes in the
lungs of mice receiving cGAMP analogue. The most robust levels of STING
expression and STING-induced responses were observed in mice exhibiting
the highest levels of human chimerization. Notably, differential levels of
STING in lung versus spleen following cGAMP analogue treatment suggest
that there are tissue-specific kinetics of STING activation and/or degrada-
tion in effector versus inductive sites. We also examined the mouse innate
immune response to cGAMP analogue treatment. We detected that mouse
cells in the immunodeficient NOG mice responded to the cGAMP analogue
and they do so with distinct kinetics from the human response. In conclu-
sion, humanized NOG mice represent a valuable experimental model for
examining in vivo human STING responses.

Keywords: cGAMP; humanized mice; inflammation; innate immunology;
monocytes.

adaptor protein that is of fundamental importance in
innate immune responses. In particular, STING, which is

Elucidating the pathways of innate immune recognition
of pathogens is critical for the development of novel ther-
apeutic interventions. One pathway that is gaining inter-
est in recent years is the cGAS-cGAMP-STING signalling
pathway. STING (stimulator of interferon genes) is an

expressed in multiple cell lineages (e.g. dendritic cells,
macrophages, B-cells and endothelial cells) is a critical
component of innate responses toward detection of cyto-
plasmic DNA."> When the DNA sensor cGAS (cyclic
GMP-AMP synthase) senses DNA (foreign or self) in the

Abbreviations: cAIMP, cyclic AMP-IMP; 3'3’-cAIMP; cGAMP, cyclic guanosine monophosphate—adenosine monophosphate;
cGAS, cyclic GMP-AMP synthase; IFN, interferon; ISG, interferon-stimulated gene; MCP, monocyte chemoattractant protein;

RBC, red blood cell; STING, stimulator of interferon genes
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cytoplasm, it produces the natural cyclic-di-nucleotide
termed cGAMP (cyclic guanosine monophosphate—adeno-
sine monophosphate).>* ¢cGAMP works as an agonist to
STING where it binds into a cavity generated by two
homodimeric ~ STING  proteins.” cGAMP-stimulated
STING then traffics to an endoplasmatic-reticulum-Golgi
interim complex where it activates two transcriptional
signalling cascades: the TBKI-IRF3 and the IKK-NF-kB
pathways.>>” Activation of these pathways typically
results in the production of inflammatory cytokines as
well as type I interferons (IFNs).?

Much is known about the cGAS-cGAMP-STING sig-
nalling pathway in vivo in mice as well as in vitro and
ex vivo in human cells. However, there is a paucity of
information about the in vivo activity of this pathway in
humans. It is not appropriate to assume that in vivo find-
ings regarding the cGAS-cGAMP-STING pathway that are
generated in mice will translate directly to human biol-
ogy. For example, it is known that IFI16 (IFNy inducible
protein 16) is important for human STING responses, yet
we have shown that mice lack TFI116.® Therefore, we asked
whether the human c¢GAS-cGAMP-STING axis can be
explored in vivo using humanized mice.

Humanized mice are bioengineered immunodeficient
animals that harbour human haematopoietic cells.” These
human cells in the mouse are de novo generated from
transplanted human haematopoietic stem cells that reside
in the mouse bone marrow.'’ Here, we utilized human-
ized mice that are severely immunodeficient common
gamma chain null (NOG) mice transplanted with
hCD34" cord blood-derived stem cells.'"' We hypothesized
that these humanized NOG mice would serve as a suitable
experimental platform for studying human STING sig-
nalling and related innate immune responses in vivo. Tis-
sues of these animals harbour human cells of multiple
haematopoietic lineages, including T-cells, B-cells, macro-
phages and dendritic cells."" Furthermore, these animals
have already been well-characterized with respect to both
their human lymphoid cell development and human adap-
tive immune functions.'” A notable gap in the humanized
mice literature, however, is information regarding whether
the human cells in these models are able to generate
human innate immune responses.'> We sought to address
this question in the context of the cGAS-cGAMP-STING
signalling pathway.

Synthetic cGAMP analogues have potential value as ther-
apeutic STING agonists. cGAMP has guanosine and adeno-
sine as the purine nucleoside pair.'* This is distinct from
the synthetic STING agonist used here: cyclic Adenosine
monophosphate—Inosine monophosphate (cyclic AMP-
IMP; 3'3'-cAIMP)."® This 3'3'-cAIMP (referred to hereafter
as cAIMP) is stabilized with a bis-phosphorothioate linkage
of the nucleosides.'> Here, we utilized the synthetic and
stabilized cAIMP molecule to investigate human innate
immune responses in vivo in humanized NOG mice.
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Methods

Bioengineering of humanized NOG mice

Humanized mouse experiments were conducted according
to Danish national, as well as internationally recognized,
guidelines. Experiments were approved by The Experimen-
tal Animal Inspectorate in Denmark under The Danish
Veterinary and Food Administration, Ministry of Food,
Agriculture and Fisheries (protocol number: 2013-15-2934-
00861). Animal facility conditions were as follows: 12-hr
dark : light cycle; temperature 22 £ 2° and humidity of
55 £ 10%. Mice were maintained, four mice per cage, in a
sterile environment. Type III plastic cages (Techniplast,
Buguggiate VA, Italy) were prepared with wood chip bed-
ding (Finn Tapvei, Kaavi, Finland) plus enrichment (e.g.
hide shelters and gnawing sticks) and then autoclaved.
Mice had access to sterile acidified water and sterilized
standard chow ad libitum. Animal welfare was monitored
daily by experienced animal caretakers. Female NOG
(NOD.Cg-Prkdc™ ™ [12rg"™5*¢/JicTac) mice (5-8 weeks
old) were obtained from Taconic, Denmark. After acclima-
tization, the mice were y-irradiated (75 ¢Gy) and injected
with either 3-78 x 10° or 0-75 x 10> cord blood-derived
CD34" cells/mouse. We leveraged the fact that we had an
uncharacteristically large yield of human cord blood-
derived CD34" cells (EasySep™ Human Cord Blood CD34
Positive Selection Kit II; #17896) from a single female birth
and performed these experiments using humanized NOG
mice that were all generated from the same human donor.
This fact allows for direct comparison between groups with
no confounding influence of differing human genetics
within each group. Human chimerism was longitudinally
monitored by flow cytometry as described below. Mice
receiving the high number of stem cells exhibited > 50%
human chimerization — defined as the fraction of periph-
eral white blood cells expressing hCD45. This group is
referred to as Hi-Hu. Mice receiving the low dose of stem
cells exhibited 10%-50% human chimerization and are
referred to as Low-Hu. When mice exhibited the indicated
chimerization levels (approximately 7 weeks post-trans-
plant for Hi-Hu mice and 20 weeks post-transplant for
Low-Hu mice), they were dosed intravenously with
6-25 mg/kg 3'3’-cAIMP (3/3'-cyclic adenosine monophos-
phate-inosine monophosphate; InvivoGen,
Toulouse, France) and killed 1 or 6 hr after injection.

Flow cytometry

Human chimerism in peripheral blood was tracked longi-
tudinally using flow cytometry analyses as we have previ-
ously described.'® Whole peripheral blood from
humanized NOG mice was assessed for human chimerism
using the BD Biosciences Lyse/Wash protocol (#349202).
Whole blood samples were incubated with Human
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Trustain FcX blocking buffer for 10 min at room temper-
ature (BioLegend, San Diego, CA, USA) and then stained
with fluorophore-conjugated mouse-anti human antibod-
ies (listed below) for 30 min at room temperature. After
antibody labelling, red blood cells (RBCs) were lysed, and
the remaining cells were washed in 2% fetal bovine
serum-containing phosphate-buffered saline (PBS). Lung
and spleen mononuclear cells were analysed at harvest.
Briefly, lung and spleen mononuclear cells were incubated
with Human Trustain FcX blocking buffer for 10 min at
room temperature and then stained with fluorophore-
conjugated mouse-anti-human antibodies (listed below)
for 30 min at room temperature. After antibody labelling,
the cells were washed in 0-5% fetal bovine serum-contain-
ing PBS and analysed on the cytometer. The following
antibodies were used for labelling: CD8 (SK1) PerCP-
Cy5.5 (Biolegend, #344710); CD4 (SK3) PE-Cy7 (Biole-
gend, #344612); CD3 (OKT3), APC-Cy7 (Biolegend,
#317342); CDI14 (M5E2) BV421 (Biolegend, #301830);
CD33 (RPA-T4) BV605 (Biolegend, #366612); CD3
(OKT3) FITC (Biolegend, #317306); CD8 (RPA-T8) PE
(BD, #561949); CD16 (3G8) PerCP-Cy5.5 (Biolegend,
#302028); CD19 (sj25cl) PE-Cy7 (BD, #557835); CD45
(2D1) APC (Biolegend, #368512); and CD4 (RPA-T4)
APC-Cy7 (BD, #560251). Flow cytometry data were col-
lected on a BD FACSVerse cytometer and analysed in
FLOWJO v.10.

Splenocyte and lung mononuclear cell isolations

Splenocytes and lung cells were isolated as we have previ-
ously described.'® Spleen and lung tissues were harvested
into ice-cold suspension media [PBS supplemented with
5 g/l bovine serum albumin (SigmaAldrich, Seborg, Den-
mark #A8022); 1% final concentration of penicillin/strep-
tomycin solution (Biowest, Nuaillé, France #L0022-100);
and 10 kunitz/unit DNase per ml (SigmaAldrich,
#D4263)]. Tissues were transported on ice from the animal
facility to the laboratory. For splenocytes, spleens were
gently disrupted using a plunger from a 3-ml syringe on a
70-um cell strainer such that individual splenocytes passed
through the strainer. Spleen remnants and the strainer
were washed with suspension media and resuspended in
10 ml of 1 xRBC lysis buffer (BioLegend, #420301). The
cell suspension was incubated for 10 min at 4°. After RBC
lysis, cells were pelleted (5 min; 300 g; 4°), washed in sus-
pension media and resuspended in 1 ml suspension media
for viable cell counting using trypan blue exclusion.
Humanized NOG mouse lung tissues were processed
essentially as we have described before for human sigmoid
biopsies.'” Briefly, lung tissues were minced and digested
in an enzyme cocktail with constant agitation at 37° for
60 min. After digestion, lung cells were collected at the
interface of a 40%-70% Percoll density separation cen-
trifugation. Cells were washed 1x in suspension media and
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resuspended in 1 ml suspension media for viable cell
counting using trypan blue exclusion.

Olink proteomics

Serum samples were analysed using the ‘Immuno-Oncol-
ogy’ panel (n =92 analytes) by Olink® by Olink Pro-
teomics (BioXpedia, Aarhus, Denmark). Within this
human analyte panel, there are some Olink detection anti-
bodies that can recognize either human or mouse proteins
given homology between species. Therefore, our experi-
mental setup also included non-humanized NOG mice
that received the cAIMP just as we performed with the
humanized NOG mice. Serum from the non-humanized
NOG mice was also analysed by Olink. Analytes that were
positive in the non-humanized mice were excluded from
the presented data (Fig. la,b). Olink data values were cal-
culated by subtracting the average NPX (log2 of the abso-
lute measurement) of the measurement of unstimulated
control mice from the respective group (Hi-Hu or Low-
Hu) from the NPX of each of the three animals in the
stimulated groups [In2(fold change) = NPX(stimula-
tion) — NPX(control)].'® Respective baseline controls
from the Low-Hu and Hi-Hu group were utilized to prop-
erly account for any potential differences that could have
existed between the groups at dosing. This analysis
approach allows us to distinguish cGAMP analogue-speci-
fic effects within each group. Measurements of proteins
below the detection limit were set to 0. An upregulation
or downregulation of log fold change equal to 1 or —1
indicates a twofold difference in absolute values.

Type I IFN bioassay

Human type I IFN was measured using the HEK-Blue IFN-
a/B (InvivoGen) bioassay according to manufacturer pro-
tocols.® Briefly, HEK-Blue cells were seeded in 96-well
plates in 150 pl medium (without blasticidin or zeocin).
After an overnight incubation, 50 pl of humanized NOG
mouse serum was added to wells in duplicate. Bioactive
human IFN-0/f in the serum activates the ISG54 promotor
in these cells inducing secreted embryonic alkaline phos-
phatase production, which is quantitated against an IFN-a
(A2) (PBL Assay Science, Piscataway, NJ, USA) standard
curve using optical density (620 nm; ELx808;
BioTEK, Winooski, VT, USA).

Western blot analyses

STING immunoblotting was performed as previously
described.® Briefly, splenocytes or lung cells were lysed in
RIPA buffer (Thermo Scientific, Roskilde, Denmark) con-
taining proteases (Roche, Hvidovre, Denmark), 0-2%
sodium dodecyl sulphate (SDS), 1 x XT Sample Buffer
(Bio-Rad, Copenhagen, Denmark) and 1 x XT Reducing
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Figure 1. STING stimulation with the cGAMP analogue 3'3’-cAIMP induced the production of human chemotaxis-related proteins in humanized

mice. (a, b) Forest plot presentations of log2 fold changes in 72 analytes detected with Olink technology. Serum samples were collected for this

analysis 6 hr following cAIMP dosing of Low-Hu (a; n = 3) and Hi-Hu (b; n = 3) mice. The forest plots incorporate non-treated control

(n = 3, Low-Hu; n = 2, Hi-Hu) values into the data presentation as the basis for the grey ‘no change’ bar that bisects the graphs from top to

bottom reflects. The log2 fold change presented is interpreted as upregulated if the 90% confidence interval presented for each analyte is outside

the bounds of the —1 to 1 interval highlighted by the grey bar. Confidence intervals in the forest plot span from 5% to 95%. Serum from

cAIMP-treated (6 hr) non-humanized NOG mice was also analysed, and analytes that were positive in the non-humanized mice were excluded

such that the reported analyte concentrations reflect the levels of human molecules.

Agent (Bio-Rad) and cryopreserved. Upon thawing,
lysates were sonicated and separated using a 10% SDS—
polyacrylamide gel electrophoresis (Criterion TGX gels;
Bio-Rad). Following transfer and washing, membranes
were blocked with 5% skim-milk (Sigma Aldrich 70166-
500G). After blocking, membranes were probed with anti-
STING (Cell Signaling Technologies, Leiden, The Nether-
lands, #13647) or anti-vinculin (Sigma Aldrich v9131)
antibodies diluted 1 : 1000 in 1% skim-milk solutions.
Secondary antibodies (dilution 1:15 000): peroxidase-con-
jugated Affinipure F(abf)2 donkey anti-rabbit IgG
(H+ L) or peroxidase-conjugated F(abf)2 donkey anti-
mouse I1gG (H + L) (Jackson Immuno Research, Cam-
bridgeshire, UK). Signal was detected using Clarity Wes-
tern ECL Blotting Substrate according to manufacturer
protocols.

Statistics

For the Olink data presented in Fig. 1, the log2 fold
change presented is upregulated if the 90% confidence
interval presented for each analyte is outside the bounds
of the —1 to 1 interval highlighted by the grey bar. All
treatment groups were compared with control values
using Mann—Whitney U-tests or, if also compared with
each other, using one-way ANOVA Kruskal-Wallis with
Dunn’s multiple comparisons. The utilized statistical test
is specified in each figure legend. Statistical comparisons
that met the alpha of 0-05 are noted with P-values above
the data within the figure.

Results

Human serum proteins related to chemotaxis are
elevated 6 hr after cAIMP treatment

We utilized Olink technology to quantify human protein
levels (n = 72) in humanized NOG mouse serum 6 hr
after cAIMP administration (Fig. la,b). Mice were strati-
fied based on human chimerism levels: Low-Hu had 10%—
50% blood human chimerization and Hi-Hu had > 50%
blood human chimerization. The blue field in Fig. 1
encompasses the bulk of cAIMP-modulated proteins, and
draws attention to several particularly relevant analytes in
the context of IFN responses and chemotaxis. The greatest

© 2019 John Wiley & Sons Ltd, Immunology, 157, 163-172

overall response was observed in the Hi-Hu group, which
exhibited upregulation of many analytes including MCP-1,
MCP-2, MCP-4 and CXCL10 (Fig. 1b). While the cAIMP
effect was less pronounced in Low-Hu mice, these animals
also showed increased levels of some chemotaxis-related
molecules (e.g. MCP-2 and CCL4; Fig. 1a). These results
show that the human immune system in humanized NOG
mice can respond to cAIMP stimulation.

Human and mouse tissue cells exhibit an IFN
response following cAIMP treatment

In addition to the peripheral blood analysis presented in
Fig. 1, we examined humanized NOG mouse tissues for
evidence of a response to cAIMP treatment. We examined
spleen and lung as important sites for distinct immune
functions. The frequency of human CD45" cells in the
different tissues is presented in Fig. S1. The human
CD45" frequencies mirror the frequencies found in
peripheral blood. The spleen, as a secondary lymphoid
tissue, is an immune inductive site,' and the lungs repre-
sent an immune effector site that exhibits IFN responses
to invading pathogens.””*' Transcriptional analysis was
focused on IFNP (a type I IFN) and CXCLI10 [an IFN-
stimulated gene (ISG)]. Consistent with the serum Olink
data trend towards higher IFN{ in Hi-Hu mice at 6 hr
post-cAIMP dosing (Fig. 1b), we found that splenocytes
from Hi-Hu mice expressed human IFNf} mRNA at 6 hr
post-cAIMP  dosing (Fig. 2a). We also observed that
splenocytes and to a lesser extent lung cells from Hi-Hu
mice produced human CXCL10 (also known as IFNy-in-
duced protein 10) mRNA at 6 hr post-cAIMP dosing
(Fig. 2b), which mirrors the observed CXCL10 protein
levels in serum (Fig. 1b). With these data, we confirmed
the systemic nature of the human cAIMP response in
humanized NOG mice.

Next, we examined whether there was also a mouse
STING response to cAIMP treatment given that the
cAIMP molecule utilized here targets both human and
murine STING.'>** We postulated that there would be a
mouse response given that the common gamma chain
mutation found in NOG mice precludes T-cells, B-cell
and NK cell development, but not myeloid cell develop-
ment."" However, the common gamma chain is broadly
involved in many critical immune signalling pathways,*’
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ure. Each symbol represents one humanized NOG mouse.

so its absence could impact STING signalling. We mea-
sured mouse IFNB and mouse CXCL10 mRNA levels in
humanized NOG mice tissues. The levels of mouse IFNf
mRNA were increased in lung, but not spleen, at 1 hr
post-cAIMP dosing and had returned to baseline by 6 hr
post-administration (Fig. 1c). The transcription of mouse
CXCL10 was elevated at the 6-hr time point in both
spleen and lung (Fig. 1d). Thus, STING agonist adminis-
tration stimulated both mouse and human STING
responses in humanized NOG mice.

The proportion of human monocytes in humanized
NOG mouse lungs increases following cAIMP
treatment

One hallmark of efficient immune function is the translo-
cation of effector cells to sites of immune effector activity
(e.g. lungs). Furthermore, we observed in Fig. 1 that multi-
ple monocyte chemoattractant protein (MCP) chemokine
levels are increased with cAIMP treatment. These proteins
have roles in the recruitment of monocytes and macro-
phages, as well as other leucocytes, to sites of inflamma-
tion.”* Therefore, we quantitated changes in the fraction of
myeloid-derived lung cells in Low-Hu (Hi-Hu mouse lung
cells were prioritized to other assays) mice according to
surface expression patterns of CD33, CDI14 and CD16
(Fig. 3a—e).”> Frequencies of lung cell subtypes from
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individual Low-Hu mice are presented in Table S1. Our
approach did not allow us to specifically characterize
CD33" alveolar macrophages as was recently reported
based upon CyTOF data.”® We noted a separation of cells
into either CD33neg, CD33dim or CD33bright populations
(Fig. 3b), and a specific increase in the classical monocytes
(the CD33bright myeloid cells; Fig. 3e) following cAIMP
administration (P = 0-02; Fig. 3f). This finding is consis-
tent with prior data showing a majority of classical mono-
cytes at effector sites early in the inflammatory response.”’”
Moreover, neutrophils are actively recruited to sites of
inflammation as a response to IFN-stimulation in the early
phases of inflammation,*® and are known to develop in
humanized NOD/SCID gamma chain null mice.'>** In line
with this, we found the lung CD33dimCD16" CDl4neg
population (consistent with a neutrophil granulocyte pop-
ulation®®) to be significantly upregulated (P = 0-04) 1 hr
post-cAIMP administration (Fig. 3g). These human mye-
loid cell population dynamics in the lungs are consistent
with the increased human chemotactic protein levels
observed in the serum Olink analyses (Fig. 1).

cAIMP-induced serum type I human IFNs in
humanized NOG mice are bioactive

We extended the protein findings in Fig. 1 with an assay
for quantitating functional human type I IFN. We observed

© 2019 John Wiley & Sons Ltd, Immunology, 157, 163-172
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that bioactive human IFN levels were not significantly
increased in the Low-Hu group, but were higher in the Hi-
Hu mice (Fig. 4a). A potential mechanistic explanation for
these findings was revealed via Western blot analyses of the
spleen and lung. The key comparisons in Fig. 4(b,c) are the
relative differences in the levels of STING between the trea-
ted versus untreated mice within a given group. We
observed lower total STING levels in Low-Hu versus Hi-
Hu mice (Fig. 4b,c). This observation indicates a relative
lack of binding targets for cAIMP in the Low-Hu animals.
The sole outlier to these observations was control mouse
‘@’, which was experiencing systemic immune activation in
the absence of cAIMP stimulation due to an inflammatory
condition unrelated to the study. Importantly, we did not

© 2019 John Wiley & Sons Ltd, Immunology, 157, 163-172

detect STING (human or mouse) in control NOG mice
that were not humanized as presented in Fig. S2. Together,
these data lead us to conclude that high levels of human
chimerism elevate human STING levels, which facilitate an
increased human innate immune response to cAIMP
administration.

Discussion

Here, we present data that answer a key question: Is it
possible to study the human cGAS-cGAMP-STING sig-
nalling pathway in vivo using humanized mice? Specifi-
cally, we show that the cGAMP analogue cAIMP elicits a
STING-dependent human IFN response in humanized
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Figure 4. Functional human type I interferon (IFN) production improved with STING expression. (a) Bioassay results for functional type I IFN
levels in serum are shown. Mann—Whitney U-test comparisons that met the alpha of 0-05 are noted with P-values above the data within the fig-

ure. Each symbol represents one humanized NOG mouse. (b, ¢) Western blot analyses are shown for STING protein as well as for vinculin
(VCL) expression in splenocytes and lung cells from humanized NOG mice. Each lower-case letter label identifies a unique mouse. Group inclu-

sion and treatment protocols for each animal are also noted.

NOG mice. We also find that mouse cells are able to
respond to this same stimulation in the absence of mouse
IL2 receptor common gamma chain signalling. Beyond
this pair of important observations, our data raise several
interesting hypotheses and suggest multiple lines of future
investigations.

There are three insights to be gleaned from the fact
that we observed both mouse and human innate
responses to cAIMP treatment. First is the novel observa-
tion that the mouse common gamma chain signalling is
not necessary for mouse cells to respond to this cGAMP
analogue in vivo. Second, mouse and human cytokines
are present at the same time in cAIMP stimulated
humanized mice. This observation is noteworthy because
it highlights the potential for cross-talk between mouse
and human cells/proteins in humanized mice. This is a
potential complication that is typically unexplored in
humanized mouse research despite bioinformatic predic-
tions of the probabilities of such cross-talk.”® In our data-
set, the relatively low mouse cytokine responses, versus
human, are likely due to the fact that the mouse strain
already has defects in immune pathways and subsequently
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received irradiation that could further impair immune
function. While our data stop short of proving inter-spe-
cies cellular communication in vivo, we confirm that this
is a potential confounder that should be considered in
preclinical humanized mouse experiments. Lastly, the
IFNB response in human and mouse cells was quite dis-
tinct when examined kinetically. The mouse response was
present at 1 hr post cAIMP dosing and gone by 6 hr. In
contrast, the human response was only observed at 6 hr
post-dosing. This differential in vivo response time is
novel and should be investigated to determine a mecha-
nism that can explain this observation.

The fact that there is more STING detected in Hi-Hu
versus Low-Hu mice is attributed to the increased num-
ber of human cells present. Based on this observation
plus other data indicating that Hi-Hu mice responded
more vigorously to cAIMP stimulation, we conclude that
higher human levels (and the accompanying higher
STING levels) are necessary to generate robust innate
immune responses to a cCGAMP analogue in vivo. Further,
within the STING Western blot and the IFNf mRNA
data, there is an interesting and hypothesis-generating
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tissue-specific finding. It is known that intracellular traf-
ficking and proteasomal degradation regulate activated
STING levels.’! We noted that mice ', ‘m” and ‘n’ exhib-
ited differential levels of STING in splenocytes versus
lung cells in the Western blot, and versus control mice §’
and K’ in lung cells. At the same 6-hr time point, we
observed that splenocytes exhibited higher IFNf versus
lung cells. When examined together, these observations
suggest that STING activation was detected at the 6-hr
time point in splenocytes (inductive site), while STING
degradation was detected at the 6-hr time point in lung
cells (effector site). Future experiments are necessary to
begin dissecting whether there are differential kinetics of
STING activation and degradation following cGAMP
stimulation at immune effector versus inductive sites.

Limitations of this work are noted. This study was pos-
sible because the human haematopoietic stem cell yield
that we obtained from a single cord blood sample was
sufficient to generate both Hi-Hu and Low-Hu groups
with identical human genetics (a strength of the study);
nevertheless, a limitation of this work is that we assessed
humanized mice bioengineered from a single human
donor, which limits the generalizability of these results.
Second, we had an insufficient number of Hi-Hu animals
to also perform the 1-hr cAIMP stimulation in this
group. In particular, this precludes assessing differences
between 1- versus 6-hr cAIMP treatment in Hi-Hu mice
and 1-hr versus 1-hr between groups. We did detect a
significant upregulation of IFNf mRNA in Hi-Hu after
6 hr of treatment in the spleen, but the Olink assay did
not show a clear upregulation of serum protein levels of
IFNP after only 6 hr of treatment. Thus, the time points
we analysed permitted us to observe the mRNA produc-
tion phase without detecting peak systemic levels of this
cytokine in the blood.

In conclusion, we show that a single systemic adminis-
tration of the cAIMP, a cGAMP analogue, mobilizes and
activates a human innate response via STING signalling
in a chimerization-level-dependent manner in humanized
NOG mice. Our results outline an important relationship
between chimerization status and innate immune
responses in humanized mice. Further, because we show
that both mouse and human cells respond to the cAIMP
treatment, our results highlight the potential of cross-talk
between mouse and human signalling- and chemotaxis-
related molecules, especially in the myeloid compartment
of humanized mice. This is an important consideration
when using humanized mice in preclinical research, par-
ticularly when innate immunity is the focus of those
efforts.
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Supporting Information

Additional Supporting Information may be found in the
online version of this article:

Figure S1. Proportions of human CD45" cells in total
lung and spleen tissues from Low-Hu and Hi-Hu mice
are shown as a mean of each group for each organ
(£ SD).

Figure S2. Western blot analyses are shown for STING
protein as well as for vinculin (VCL) expression in
splenocytes and lung cells from non-humanized NOG
mice.

Table S1. Frequencies of lung cell subtypes from indi-
vidual Low-Hu mice
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