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Abstract

Sepsis resulting from acute pneumonic infections by Gram-negative bacteria is often characterized by
dysfunction of innate immune components. Here we report a previously unrecognized innate protective
function of SAP, an adaptor protein primarily reported in T cells, NK cells, and NKT cells, during acute
pneumonic infection with Klebsiella pneumoniae (KPn). SAP-deficient mice were highly susceptible to this
infection with elevated systemic bacterial spread and increased lung damage. While the overall influx of
infiltrating cells in the lungs remained largely intact, increased mortality of SAP-deficient mice correlated with
increased accumulation of large NK1.1þ cells harboring bacteria and an impairment of neutrophil
extracellular trap formation in vivo during KPn pneumonia, which likely facilitated bacterial outgrowth.
Neutrophils were found to express SAP; however, adoptive transfer experiment supported a neutrophil-
extrinsic function of SAP in neutrophil extracellular trap formation. Collectively, these data present the first
report depicting innate protective function of SAP in an acute pulmonary infection.

© 2019 Published by Elsevier Ltd.
Introduction

Despite significant advances in understanding of
immune mechanisms, pneumonic sepsis remains a
major healthcare concern [1,2]. Nosocomial infections
caused by Gram-negative pathogens such as Kleb-
siella pneumoniae (KPn) are especially concerning
due to an alarming increase in the antibiotic resistance
of this pathogen [3]. Because the combined arsenal of
immunomodulatory and antimicrobial factors
deployed by neutrophils and macrophages plays a
critical role in clearance of infectious insults, innate
immune dysfunctions related to these cells are major
contributors to morbidity andmortality associated with
sepsis [4]. Neutrophil extracellular trap (NET) forma-
tion is a newly described mechanism by which
neutrophils trap and kill pathogens extracellularly
[5,6]. While the protective function of NETs in
infectious septic conditions is increasingly recognized,
ed by Elsevier Ltd.
molecular underpinnings of this fascinating paradigm
of neutrophil activation are only beginning to unravel.
Thus, identification of new and novel signaling
components regulating these innate immune func-
tions can thus provide new therapeutic targets to treat
sepsis by boosting neutrophil and macrophage func-
tions in a clinical setting.
Signaling lymphocytic activation molecule (SLAM)-

associated protein (SAP) is an SH2 domain-contain-
ing adaptor protein that regulates signaling events
downstream of the SLAM-family receptors expressed
by hematopoietic cells [7]. SAP facilitates SLAM
receptor signaling to regulate Th2 differentiation [8],
iNKT cell development [9], and B-cell differentiation
[10]. In humans, loss of function mutations in Sh2d1a
gene-encoding SAP results in heritable X-linked
lymphoproliferative disease (XLP-1), which is char-
acterized by increased susceptibility of immunodefi-
cient males to fulminant infectious mononucleosis
Journal of Molecular Biology (2019) 431, 4345e4353



Fig. 1. SAP-deficient mice display increased mortality during acute pneumoseptic infection with K. pneumoniae. (a)
WT- and SAP-deficient sh2d1a�/� mice were intranasally infected with KPn, and disease progression was assessed daily
for 10 days. Statistical comparison of mortality was made using the KaplaneMeier survival curve (*p< 0.05). The data
shown are from three independent experiments (n¼ 18/group). Clinical scores (b), lung vascular and epithelial damage
(c), total protein in the BALF (d), and total number of infiltrating cells in the BALF (e) of KPn-infected WT (WT-Inf) and
sh2d1a�/� (sh2d1a�/�-Inf) assessed as described in Materials and Methods. n¼ 6e7 each group. Data are mean±SEM.
Statistical comparisons done by Student's t test: *p< 0.05, **p< 0.01, ***p< 0.001.
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resulting from EpsteineBarr virus infection [11].
Although SAP can interact with cytosolic tyrosine-
based switch motifs of various SLAM receptors,
including those regulating effector functions of pha-
gocytes [12], there is little information on expression
and direct role of SAP in innate immune cells.
Moreover, whether this protein contributes to innate
immunity during acute bacterial infections is comple-
tely unknown.
In this study, we tested the role of SAP in Gram-

negative pneumoseptic infection of mice by KPn.
Our results show that SAP mitigates mortality and
associated lung damage in acute pulmonary KPn
infection and regulates innate immune cell functions.
Our findings present a new function of SAP, which
may be a drug-able target in pneumonic sepsis and
NET-related pathologies.
Results and Discussion

Increased susceptibility of sh2d1a�/� mice to
pneumonic KPn infection

In our continued efforts to understand the pathogen-
esis of pneumoseptic infection with KPn, we sought to
examine if SAP plays any role in the process. For this,
we first examined if SAP-deficient sh2d1a�/� andWT
mice respond to pulmonary KPn infection differen-
tially. Upon intranasal infection with an experimentally
determined sublethal dose of KPn, 60%e65% of WT
mice survived the infection with significantly lower
clinical scores (Fig. 1a and b). The sh2d1a�/� mice,
on the other hand, were highly susceptible to the
infection, and 80% of the mice succumbed to infection
within 7 days with progressive development of dis-
ease. While the disease signs appeared similar in WT
and sh2d1a�/� mice initially, the knock-out (KO) mice
exhibited significantly elevated clinical scores by 2
days post-infection (dpi) with maximum difference
observed at 3 dpi (Fig. 1b). This is in line with our
previous reports showing 3 dpi to be the peak of
pneumoseptic KPn infection [13e15]. Accordingly, we
found significantly higher lung damage in infected
sh2d1a�/� mice at 3 dpi, as determined by increased
epithelial and vascular permeability (Fig. 1c), elevated
protein levels in the airways (Fig. 1c), and increased
overall cellular infiltration in the lungs (Fig. 1e). To
compare the overall lung pathology, hematoxylin and
eosin-stained slices of the lungs isolated at various
times post-infection were analyzed. As shown in
Fig. 2a, mock control WT and sh2d1a�/� mice
displayed similar normal lung tissue morphology.
Infected WT mice exhibited pronounced areas of
perivascular and peribronchial infiltration in the lungs



Fig. 2. Pneumonic sh2d1a�/� mice exhibit severe lung pathology and impaired bacterial control. (a) Histopathological
assessment by hematoxylin and eosin staining of lung cryosections obtained from mock control and KPn-infected WT and
sh2d1a�/� mice at 1, 2, and 3 dpi. Representative images from six mice per group in three independent experiments are
shown. Graph shows 4-point manual pathological score (described in Materials and Methods) of the lungs at 3 dpi. Data
are mean± SEM. *p< 0.05. (b) Bacterial burden in the lungs and blood of KPn-infected WT and sh2d1a�/� mice at 3 dpi.
Data are pooled from three independent experiments; each dot represents one mouse (n¼ 4e5 each group/experiment).
(c and d) Flow cytometry quantitation of leukocytes in the lungs of KPn-infected WT and sh2d1a�/� mice at 3 dpi. Data
shown in scatter plots are pooled from three independent experiments (n¼ 2e3 per group for each experiment). Each dot
represents one mouse. *p< 0.05.
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at 2 dpi. Despite an increased immune cell influx at 3
dpi, the overall lung architecture was preserved in the
WT mice throughout the infection. The sh2d1a�/�

mice on the other hand displayed an earlier elevated
cellular influx at 1 dpi, which increased through the
course of infection. By 3 dpi, the KO lungs exhibited
substantial foci of consolidation, bronchial wall thick-
ening, and airspace occlusion. Pathological scoring
of the lungs using these criteria confirmed that
sh2d1a�/� mice exhibited significantly worse lung
pathology as compared to the WT mice (Fig. 2a,
scatter plot).
To examine whether the bacterial clearance was

compromised due to increased lung damage, we
compared local and systemic bacterial loads in WT
and sh2d1a�/� mice. In the WT mice, the bacterial
burden data obtained in the lungs and blood were
found to be spread widely, which likely reflected the
range of progression of infection in sick and
recovering mice (Fig. 2b). Majority of sh2d1a�/�

mice, on the other hand, exhibited similar over-
whelming bacterial loads locally in their lungs and
systemically in blood with much reduced spread of
the data compared to WT mice. Together with the
survival and lung pathology, these data suggest that
KPn infection induced severe lung pathology and
increased local outgrowth of bacteria resulting in
higher systemic spread and increased mortality. In
order to examine which immune cell types likely
contributed to disease severity in sh2d1a�/� mice,
we profiled immune cell infiltrates in the lungs of KO
and WT mice at 3 dpi by flow cytometry. The most
strongly modulated cell population was found to be
CD11bþmyeloid cells, which were significantly
increased in the sh2d1a�/� mice compared to the
WT mice at 3 dpi (Fig. 2c). There were no significant
differences between the infected WT and KO lungs
in the numbers of dendritic cells, B cells, and T cells.
Compared to the mock controls, an infection-
induced reduction in B- and T-cell numbers in both
WT and sh2d1a�/� mice was observed, which is in
line with the lymphocyte depletion characteristic of
sepsis, reported by us and others [16e18]. These
data also support an innate function of SAP in this
acute bacterial infection, since SAP deficiency
causes a hyperproliferation of T cells in chronic
disease conditions [19]. In light of the increased
numbers of CD11bþ cells in the lungs of sh2d1a�/�

mice, we further characterized these cells by co-
analyzing the expression of CD11b with granulocy-
tic/monocytic markers Ly6G and Ly6C. The KPn-
infected sh2d1a�/� mice exhibited a moderate but
non-significant increase in Ly6Gþ granulocytes and
CD11bþ Ly6Gþ neutrophils compared to their WT



Fig. 3. SAP regulates immune cell functions in the lungs during KPn infection. (a) BAL cells isolated from WT or
Sh2d1a�/� mice infected with GFP-Kpn were cytocentrifuged on glass slides and mounted with ProLong Diamond
Antifade Mountant with DAPI (Invitrogen). The images were acquired using Nikon Eclipse 80I fluorescence microscope.
Magnification 400�. (b) Higher magnification of panel A depicting neutrophils (yellow arrowheads) and large infiltrating-
like cells frequently harboring high bacterial load (white arrows). (c) Bacterial uptake and killing capacity of sh2d1a�/� and
WT neutrophils was determined at 1 and 3 h by assessing intracellular colony-forming units in these cells as described in
Materials and Methods. Data from a representative of three independent experiments are shown. Cytosolic (CytoROS)
and mictochondrial (mitoROS) reactive oxygen species were measured in BAL neutrophils isolated from KPn-infected WT
(WT-Inf) and sh2d1a�/� (sh2d1a�/�-Inf) as described in Materials and Methods. Data shown are two independent
experiments with three to four mice each group per experiment. Each dot represents one mouse. The horizontal line in the
graph is the mean of the represented value. (d) BAL cells isolated from WT or Sh2d1a�/� mice infected with GFP-Kpn
were analyzed by flow cytometry using indicated myeloid cell markers. Mean fluorescence intensity of GFP-KPn in various
cell types is shown. Data shown are pooled from three independent experiments with two to four mice each group. Each
dot represents one mouse. (e) BAL cells isolated from WT or Sh2d1a�/� mice infected with GFP-Kpn were analyzed by
flow cytometry or IF staining using NK cell markers. Magnification 600�. Data shown are pooled from three independent
experiments with three to four mice each group. Each dot represents one mouse. IF images are representative of two
independent experiments. Images were acquired using Zeiss LSM-510 Meta Confocal Microscope.
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counterparts (Fig. 2d). The numbers of Ly6Cþ
monocytes did not change during infection, while
CD11bþ Ly6Cþ cells exhibited a non-significant
increase in the lungs of the infected sh2d1a�/�

compared to WT mice. Representative dot plots for
flow cytometry analysis of various cell types are
shown in Supplementary Fig. 1.
Because flow cytometry with a defined panel of cell

markers yielded little information on specific immune
cell type that could account for the increased lung
pathology and higher bacterial burden, we sought to
examine the morphological features of immune cells
infiltrating into the lungs of KPn-infected sh2d1a�/�

and WT mice. For this, mice were infected with GFP-
tagged fluorescent KPn, and the lungs were lavaged
at 3 dpi. The bronchoalveolar lavage (BAL) cells were
cytocentrifuged and analyzed. As shown in Fig. 3a,
neutrophils with characteristic multi-lobed nuclei were
found to be the most abundant infiltrating cell type in
sh2d1a�/� and WT lungs. This was in line with the
flow cytometry data showing myeloid cells expressing
CD11bþ and Ly6Gþ to be the predominant cell type
in bothWTand sh2d1a�/� compared to other immune
cells (Fig. 2c and d). In both KO and WT mice, the
neutrophils were found to harbor one to two fluor-
escent bacteria, indicating that SAP deficiency does
not interfere with the bacterial uptake and intracellular
killing capacity of neutrophils (Fig. 3a and b, yellow
arrowheads). This was supported by a similar
bacterial uptake and killing as well as production of
reactive oxygen species by neutrophils from WT and
the KO mice (Fig. 3c). Interestingly, we observed a
substantial number of large, vacuolated, cells in the
BAL of sh2d1a�/� mice, which frequently harbored a



Fig. 4. ImpairedNET formation in theabsenceofSAP. (a)BALcells isolated frommockcontrol (PBSalone)orKPn-infected
WT and sh2d1a�/� mice at 3 dpi and cytocentrifuged on glassmicroscope slides. NETswere fixed and stained with DNA dye
Sytox Green as described in Materials and Methods. Representative fluorescence images from three independent
experiments are shown (magnification 200�). The bar graph shows the average±SEM of NETs counted from three
independent experiments. ***p< 0.001. (b) Representative fluorescence images of NETs in WT and sh2d1a�/� peritoneal
neutrophils unstimulated (NS) or stimulated with PMA (100 nM) for 4 h. NETs were visualized using Sytox Green.
Magnification 200�. The bar graph shows quantitation of NET formingWT and sh2d1a�/� neutrophils. Data presented in the
bar graph areaverage±SEM from three independent experiments. No statistically significant difference inNET formationwas
foundbetweenPMAstimulatedWTandsh2d1a�/� neutrophils. (c)Westernblotanalysis todetect expressionofSAPprotein in
WTperitoneal neutrophils upon PMA stimulation in vitro for 10min (P1) or 30min (P2), or in BAL neutrophils isolated fromWT
mice infectedwithKPn for 3 days (in vivo). SAPexpression inBALneutrophils of twomice (Inf-1 and Inf-2) fromoneexperiment
representative of two performed is shown.Mmdenotesmolecular weightmarker. Right panel shows representative IF images
ofSAPexpression (red) inWTBALneutrophils stainedwithanti-SAPantibody.Nucleiwere stainedwithDAPI.BALneutrophils
from sh2d1a�/� mice were used as negative control. Magnification 400�. (d) Adoptive transfer of cell tracker orange CMRA
dye-labeled WT or sh2d1a�/� neutrophils in the lungs of mice was performed as described in Materials and Methods. Four
hours after transfer, BAL cells were isolated from eachmouse, cytocentrifuged onmicroscopic glass slides, and fixed with 4%
paraformaldehyde followed by Sytox Green nuclear staining (100 nM). Images were acquired using Olympus IX83 TIRF
Fluorescent Microscope and processed by Image J software. The percent NET formation in each group was manually
quantitated by dividing the number of the adoptively transferred (dye-labeled) NET-forming neutrophils by the total number of
adoptively transferredneutrophils in8e10 randommicroscopic fieldsandmultiplying thevaluesby100.Variousgroupsdenote
WTorKOneutrophils transferred toWTorKO lungs.Datapresented in thebar graphare from three independent experiments.
Statistical analysis done by one-way ANOVA multiple-comparisons test: **p< 0.01, ***p< 0.001.
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large number of bacteria (Fig. 3b, arrows). Flow
cytometry analysis of GFP KPn-positive cells using
various monocytic/macrophage markers did not
reveal any difference in the numbers of these cells in
BAL from infected WT and KO mice (Fig. 3d). Since
SAP has been implicated in antimicrobial functions of
NK cells [20] and a protective function of NK cells is
shown in KPn infection [21], we analyzed these
cells using NK cell markers. Indeed, NK1.1þ and
CD49bþ cells were found to harbor significantly
higher GFP-Kpn in sh2d1a�/� BAL as compared to
their WT counterparts (Fig. 3e). NK cells are large,
granular, innate lymphocytes predominantly recog-
nized for their cytotoxic defense against tumor and
virally infected cells [22]. While the receptor-mediated
cytotoxicity toward infected cells is the most well-
characterized functions of NK cells, recent evidence
shows that NK cells can directly bind to bacteria and
parasites [23].While pathogen uptake byNKcells as a
result of this interaction was not examined in these
studies, actin-dependent phagocytosis of Candida
albicans by activated NK cells has been reported [24].
Our unexpected finding of sh2d1a�/� NK1.1þ cells
harboring KPn is in line with these reports and
implicates that SAP in NK1.1þ cells mediated uptake
of KPn. It remains to be tested whether these are NK
cells defective in degranulation and serve as a
replicative niche for KPn to aid in systemic spread of



4350 SAP Function in Pneumoseptic Bacterial Infection
the pathogen. It is also interesting to note here that
neutrophils have been reported to prevent NK cell
activation [24]. Whether the relatively higher numbers
of neutrophils in sh2d1a�/� mice, as reported here,
contribute to inhibition of NK1.1þ cells activation, if
any, and the role of SAP in NK1.1þ cells activation
and their interaction with myeloid cells during KPn
infection are currently ongoing in our laboratory.

Reduced NET formation in the absence of SAP

We have previously reported a protective, anti-
microbial function of NETs, which are DNA fibrils
coated with various proteins with antimicrobial
activity, in KPn infection [6,14]. In order to assess
the role of SAP in NET formation, the lungs of the
infected WT and KO mice were lavaged at 3 dpi,
followed by quantitation of NETs in cytocentrifuged
BAL cells. As shown in Fig. 4a, sh2d1a�/� mice
exhibited significantly reduced NET formation in-
lungs during KPn infection as compared to the WT
mice. In contrast to this in vivo impairment of NET
formation during infection, sh2d1a�/� neutrophils
were found to be fully competent in NET formation in
vitro, in response to neutrophil activating compound
phorbol myristate acetate (PMA; Fig.4b). This
suggested that SAP plays a role in the lung
microenvironment to induce NETs and prompted
us to examine if neutrophil extrinsic or intrinsic
function of SAP was required for NET formation in
vivo during KPn infection. To the best of our
knowledge, SAP expression in neutrophils has
never been reported. We thus first examined if
neutrophils express SAP during KPn infection and
PMA stimulation. Western blot analysis showed
similar baseline and activation-induced expression
of the 15-kDa SAP protein in unstimulated and PMA-
stimulated WT neutrophils (Fig. 4c, upper left panel).
The duration of PMA stimulation (10 or 30min) did
not increase the SAP amount. A similar expression
of SAP was observed in BAL neutrophils isolated
from KPn-infected WT mice (Fig. 4c, lower left
panel). immunofluorescence (IF) staining showed
abundant expression of SAP distributed in the
cytosol of BAL neutrophils isolated from KPn-
infected WT mice at 3 dpi (Fig. 4c, right panel). An
absence of staining in sh2d1a�/� neutrophils con-
firmed the specificity of the anti-SAP antibody used.
After confirming SAP expression in neutrophils, an
adoptive transfer experiment was performed to
dissect the role of neutrophils extrinsic or instrinsic
role of SAP in NET formation. Bone marrow
neutrophils purified from sh2d1a�/� or WT mice
were labeled with fluorescent dye CMRA, as
described in Materials and Methods, and were
inoculated intranasally in KPn-infected WT or SAP
KO mice at 2 dpi. This ensured the infection-induced
generation of any factors possibly playing a role in
NET formation. The lungs were lavaged 4 h and after
transfer of labeled neutrophils, cytocentrifuged, and
NET formation in fluorescent dye-labeled neutrophils
was quantified. In line with our previous observation,
sh2d1a�/� neutrophils instilled in sh2d1a�/� mice
exhibited significantly reduced NET formation when
compared to WT neutrophils instilled in WT mice
(Fig. 4d). Importantly, sh2d1a�/� neutrophils exhib-
ited similar NET formation when transferred in WT
lungs. This restoration of NET formation capacity of
sh2d1a�/� neutrophils in WT lung environment
suggested that neutrophil-extrinsic factors present
in the lung microenvironment during KPn infection
influence NET formation in the absence of SAP. This
was further confirmed by a significantly reduced NET
formation in WT neutrophils transferred in lungs of
sh2d1a�/� mice. Despite the expression of SAP in
neutrophils, a neutrophil-extrinsic effect of this
protein on NET formation suggests that SAP-
mediated functions in other cell types in lung
microenvironment likely modulate NET formation.
Given our data discussed above and other studies
showing the role of SAP in NK1.1þ cells functions, it
is tempting to speculate that direct (receptor
mediated) or indirect (cytokine secretion) interaction
of NK1.1þ cells with neutrophils possibly affects
NET formation during KPn infection.
Taken together, we report here for the first time a

protective function of SAP in pneumoseptic bacterial
infection. We show that in the absence of SAP, mice
are more susceptible to pulmonary KPn infection
with severe lung damage and increased lung and
systemic bacterial loads. Reduced bacterial clear-
ance in SAP-deficient mice correlated with increased
numbers of NK1.1þ cells harboring bacteria and an
impaired NET formation, despite an intact bacterial
uptake and oxidative burst in neutrophils, the main
cell-type implicated in control of KPn. Of relevance,
an antimicrobial function of NETs in KPn infection
has been demonstrated by us [6]. Although spec-
ulative at this stage, impairment of NK1.1þ cells
functions in the absence of SAP, which in turn can
activate multiple cell types to coordinate a protective
immune response during infection [25], also likely
contributes to increased susceptibility of sh2d1a�/�
mice. Taken together, our study opens up a new
area of research on this adaptor protein and NK1.1þ
cells functions in Klebsiella pathogenesis.
Materials and Methods

Antibodies

Antibodies used for flow cytometry include Pacific
Blue anti-mouse CD11b (clone M1/70), allophyco-
cyanin-Cy7 anti-mouse CD11c (clone N418), FITC
anti-mouse CD19 (clone 6D5), allophycocyanin anti-
mouse Ly6G (clone 1A8), PerCP-Cy5.5 anti-mouse
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Ly6C (clone HK1.4), PE-Cy7 anti-mouse F4/80
(clone BM8) (all from BioLegend, San Diego, CA),
and PE anti-mouse TCR-b (clone H57-597) Ab (BD
Pharmingen,San Jose, CA), APC anti-mouse NK1.1
(clone PK136), PE anti-mouse CD49b (clone
HMa2), Brilliant Violet 605™ anti-mouse CD68
Antibody (clone FA-11). Anti-SH2D1A/SAP antibody
(abcam -ab185810) and GAPDH (Goat polyclonal
Antibody Genscript A00191), which were used for
Western blot and IF microscopy.

Infection of mice and survival

Age- and sex-matched wild-type C57BL/6 (WT)
and SAP-deficient (sh2d1a�/�) mice (kindly pro-
vided by Dr. Pamela Schwartzberg, NHGRI, NIH)
bred in the animal facility of the University of North
Dakota were used according to institutional and
federal guidelines. Phenotypic characterization of
sh2d1a�/� mice has revealed no homeostatic
abnormalities [26]. Mice were infected intranasally
with 3� 104 bacteria in 20 ml of saline of KPn (ATCC
strain 43816). For some experiments, GFP-labeled
KPn (Kindly provided by Dr. Stephen Clegg, Iowa)
was used for infection. Mock-infected mice received
saline only. Mice were monitored daily for signs of
disease, and mortality was recorded for up to 10 dpi
as described previously [6,13,14].

Bacterial burden, clinical scoring, and histologi-
cal analysis

Serial dilutions of aseptically homogenized lungs
and blood from infected and mock control (PBS
inoculated) mice were plated on LB agar. Colony-
forming units were counted after overnight incubation
at 37 �C. Disease progression was assessed using a
clinical scoring system that assigned onepoint each to
piloerection, hunched gait, labored breathing, move-
ment (decreased, only on provocation, or absent), and
eye discharge. For histological analysis, snap-frozen
lungs in OCT resin were processed into 10-mm-thick
serial horizontal sections and stained with hematox-
ylin and eosin as described previously by us
[6,13,14,27]. A 4-point pathological scoring system
was used, which assigned 0 for the normal architec-
ture, 1 for the progressive thickening of alveolar septa
and decrease of alveolar space, 2 for increase in
alveolar septal thickening and decrease in alveoli
space with inflammatory cells invasion, and 3 for
extensive damage of tissue architecture.

Measurement of pulmonary vascular permeabil-
ity

Vascular and pulmonary epithelial damage in
infected WT and sh2d1a�/� mice was quantified as
described [28]. Briefly, mice were injected intraper-
itoneally (i.p.) with Evans blue dye (0.2 ml of 0.5% in
PBS). Four hours after injection, the lungs were
harvested following perfusion with PBS, and the dye
was extracted in Formamide (Sigma-Aldrich) over-
night at 55 �C. Evans blue dye concentrations were
quantified against a standard curve by measuring
absorbance at 610 nm with deduction of reference
absorbance at 450 nm. Airway protein was quanti-
fied by BCA protein assay (Thermo Scientific) in cell-
free bronchoalveolar lavage fluid (BALF) recovered
by methods described previously by us [6,14,29].

Western blot and IF microscopy

To examine the expression of SAP in neutrophils in
vitro, WT peritoneal neutrophils were stimulated with
PMA (100 nM) for 10 or 30min. Cells were lysed with
RIPA buffer containing protease and phosphatase
inhibitors. Lysates were loaded on SDS-PAGE gels
and transferred to polyvinylidene difluoride mem-
branes, and the blots were probed with Anti-
SH2D1A/SAP antibody (abcam -ab185810).
GAPDH (Goat polyclonal Antibody Genscript
A00191) was used as loading control. Immunoreac-
tivity was detected using super signal west Pico plus
Chemiluminescent substrate (Thermo Scientific) and
analyzed on Bio Rad reader using Quantity one
software and Chemi doc scanner. To examine the
expression of SAP in in vivo condition, BALF was
recovered from KPn-infected WT mice at 3 dpi. Cells
were then processed for Western blot analysis as
described above.
IF staining was performed using standard protocols

as previously described by us [30,31]. For detection of
SAP protein, BAL cells isolated fromKPn-infectedWT
and sh2d1a�/� mice at 3 dpi were cytocentrifuged on
glass slides and fixed with 4% paraformaldehyde.
Immunostaining was performed using anti-SH2D1A/
SAP antibody followed by Alexa Fluor 546 conjugated
goat anti-rabbit secondary antibody (Thermo fisher
scientific inc. USA). For GFP Kpn imaging, the BAL
cells isolated fromWTor sh2d1a�/�miceat 3 dpiwere
cytocentrifuged on glass slides and mounted with
ProLong Diamond Antifade Mountant with DAPI
(Invitrogen). For the confirmation of natural killer cells
by IF microscopy, cytocentrifuged cell were stained
with APC anti-mouse NK1.1 The images were
acquired using Zeiss LSM-510 Meta Confocal Micro-
scope. Acquired imagewas processedbyNIH ImageJ
software.

Flow cytometry

For enumeration of immune cells, the lungs from
mock control and infected animals isolated 3 dpi
were processed to obtain total cellular infiltrates as
previously described by us [13e15]. Cells were pre-
incubated with Fc Block in PBS and Live/Dead Stain
(Life Technologies), followed by incubation with
fluorochrome-labeled antibodies for various cell
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markers. A BDLSR II (BD Biosciences) flow cyt-
ometer was used for data acquisition, and FlowJo
software (Tree Star) was used to analyze all data.

Bacterial phagocytosis and killing

Peritoneal neutrophils (5� 105) from WT C57BL/6
and Sh2d1a�/� mice were incubated with KPn (MOI
of 50) for 1 h to determine bacteria uptake and 3 h to
determine bacteria killing. After 1 h, the cells were
washed two times with warm PBS and one time with
RPMI before adding 2 mg/ml gentamicin in RPMI
(Gibco) with 10% FBS for the remaining 2 h (for the
3 h samples) and for 15min for the 1-h samples. The
cells were washed extensively with warm PBS
before lysing with 0.1% TritonX100. Serial dilutions
of the lysates were plated on LB media overnight at
37 �C before colonies were counted.

Neutrophil oxidative burst and NET formation

Reactive oxygen species in BAL neutrophils were
measured by detecting hydrogen peroxide using the
Fluoro H2O2 detection kit (Cell Technology) as per the
manufacturer's instructions. For mitochondrial ROS
measurement, BAL neutrophils were suspended in
Hank's balanced salt solution and incubated for
10min with MitoSOX Red Mitochondrial Superoxide
Indicator (5 mM). Cells were then washed with Hank's
balanced salt solution and analyzed by flow cytome-
try. Analysis and quantitation of NET formation in vitro
(PMA stimulation) and in vivo (KPn infection) was
done as described by us [6,13,14,29].

Adoptive transfer

Foradoptive transfer, bonemarrowneutrophilswere
purified from naïve WT and Sh2d1a�/� mice using
Neutrophil Isolation Kit (Miltenei Biotech; cat. no. 130-
097-658). Purified neutrophilswere labeled separately
with cell tracker orangeCMRAdye (Invitrogen, cat. no.
C34551), 5 mm for 10min at 37 �C. Two million WT or
sh2d1a�/� neutrophils labeled with the dye were
administered intranasally into WT and sh2d1a�/�

mice, undergoing pulmonary KPn infection for 2 days.
After 4 h of transfer, BAL cells were isolated from each
mouse cytocentrifuged on microscopic glass slides
and fixed with 4% paraformaldehyde followed by
Sytox Green nuclear staining (Thermo Fischer, cat.
no. S7020, 100 nM). Images were acquired using
Olympus IX83 TIRF Fluorescent Microscope and
processed by ImageJ software. The percent NET
formation was manually quantitated by dividing the
number of the adoptively transferred (CMRA dye-
labeled) NET-forming neutrophils by total number of
adoptively transferred cells in 8e10 random micro-
scopic fields and multiplying the values by 100.
Statistics

Statistical analysis of survival studies was per-
formed by KaplaneMeir log-rank test, bacterial
burdens by ManneWhitney U test (unpaired, non-
parametric, two tailed), and adoptive transfer experi-
ment by one-way ANOVA multiple-comparisons
test. All other statistical analyses were performed
using the Student's t test (GraphPad Prism 7.0 and
SIGMA PLOT 8.0, Systat Software, San Jose, CA;
*p< 0.05, **p< 0.01, ***p< 0.001).
Supplementary data to this article can be found

online at https://doi.org/10.1016/j.jmb.2019.07.002.
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