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SUMMARY

Clinical data reveal that patients with allogeneic hematopoietic stem cell transplantation (HSCT) are vulnerable to infection and prone to
developing severe sepsis, which greatly compromises the success of transplantation, indicating a dysregulation of inflammatory immune
response in this clinical setting. Here, by using a mouse model of haploidentical bone marrow transplantation (haplo-BMT), we found
that uncontrolled macrophage inflammation underlies the pathogenesis of both LPS- and E.coli-induced sepsis in recipient animals with
graft-versus-host disease (GVHD). Deficient neutrophil maturation in GVHD mice post-haplo-BMT diminished modulation of macro-
phage-induced inflammation, which was mechanistically dependent on MMP9-mediated activation of TGF-B1. Accordingly, adoptive
transfer of mature neutrophils purified from wild-type donor mice inhibited both sterile and infectious sepsis in GVHD mice post-
haplo-BMT. Together, our findings identify a novel mature neutrophil-dependent regulation of macrophage inflammatory response in

a haplo-BMT setting and provide useful clues for developing clinical strategies for patients suffering from post-HSCT sepsis.

INTRODUCTION

Sepsis is defined as a dysfunction of the immune response
to infection that is life-threatening due to overwhelming
systemic inflammation and multiple organ dysfunctions
(Singer et al., 2016). Innate immune cells recognize path-
ogen-associated molecule patterns (PAMPs) via the expres-
sion of pattern recognition receptors (PPRs) and are the
main proinflammatory cytokine-producing cells during
the process of sepsis. Macrophages are of great interest in
innate immunity and play multiple roles, from initiation
of inflammatory responses to resolution of inflammation
(Epelman et al., 2014). Macrophages could produce a num-
ber of proinflammatory cytokines and chemokines that
aggravate inflammatory responses and benefit the elimina-
tion of evading pathogens at early stages of infection
(Hamidzadeh et al., 2017; Kawai and Akira, 2011; Lauvau
et al., 2015). However, an unbalanced immune response
in inflammation causes a remarkable production of multi-
ple cytokines, termed a “cytokine storm,” which could
further lead to lethal sepsis (Delano and Ward, 2016; Na-
than and Ding, 2010; Rittirsch et al., 2008). Modulation
of macrophage function has been shown to have a prom-
ising effect in reducing systemic inflammation during bac-
terial clearance and improves survival of bacterial sepsis
(Belikoff et al., 2011; Huang et al., 2009; Patoli et al., 2020).

Patients receiving hematopoietic stem cell transplanta-
tion (HSCT) are susceptible to infectious diseases, which
are considered to be associated with the failure of immune
reconstitution and incompetent immune regulation post-
HSCT. Although the neutropenic phase remains a major
risk of sepsis at early stages post-HSCT, HSCT recipients
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beyond the period of neutropenia are also vulnerable to
bacterial infection, indicating a long-term dysfunction of
donor-derived innate immunity against infection (Domi-
ngo-Gonzalez and Moore, 2013; Espinoza et al., 2018). It
has been reported that severe sepsis occurs at a relatively
high frequency among HSCT patients, especially for those
under graft-versus-host disease (GVHD) conditions, and is
associated with worse outcomes (Kumar et al., 2015). Neu-
trophils are well known for their essential roles in innate
defense against various pathogens (Mayadas et al., 2014).
Recently, neutrophils have been found to play regulatory
roles in both innate and adaptive immune responses (Reber
etal., 2017; Marwick et al., 2018; Germann et al., 2020). As
they are the most rapidly reconstituted innate immune
cells after HSCT, the number of circulating neutrophils
in HSCT patients has long been used as an indicator for
effective engraftment of donor cells in recipient marrows
(Storek, 2008; Tecchio and Cassatella, 2021). Although
neutrophils perform multifaceted functions in inflamma-
tion, studies of neutrophil functions and their roles during
sepsis post-HSCT are still lacking.

Immune cells are reconstituted with different patterns
post-HSCT, which provides a unique opportunity to under-
stand how an unbalanced immune response to inflamma-
tory stimuli may affect sepsis development. In the current
study, we used a mouse model of haploidentical bone
marrow transplantation (haplo-BMT) and investigated
both lipopolysaccharide (LPS)- and E. coli-induced inflam-
matory responses in recipient animals under both GVHD
and non-GVHD conditions. We found that, compared
with non-GVHD mice, GVHD mice were markedly vulner-
able to LPS challenge and E. coli infection and developed
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Figure 1. GVHD mice have increased susceptibility to LPS- and E. coli-induced sepsis
(A) A schematic of the BMT strategy and induction of sepsis after BMT. At 14 days after BMT, allogeneic recipient mice with or without
GVHD were injected intravenously (i.v.) with 1 mg/kg LPS. Untransplanted WT C57BL/6 mice were injected with 1 mg/kg LPS as a control.
(B) The survival of these mice after LPS administration was monitored. Comparison of survival between each group was performed by log-
rank (Mantel-Cox) test.
(C-G) Serum cytokines were measured by quantitative ELISA at 2 and 6 h after LPS administration. Serum samples before LPS injection were
included as controls. Representative results of three independent experiments are shown. Data are presented as the mean + SEM with at
least three mice in each group.
(H) At 2 h after LPS administration, the mice were sacrificed, and spleens, lungs, and livers were harvested and homogenized in PBS. The
content of TNF-o and IL-6 in tissues was measured by quantitative ELISA and normalized to total protein in tissues. Data are presented as
the mean + SEM with three mice in each group.

(legend continued on next page)
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severe sepsis that was attributable to macrophage-domi-
nant inflammation. Impaired reconstitution and func-
tional maturation of neutrophils post-haplo-BMT act as a
mechanism underlying the dysregulation of macrophage-
induced inflammation in GVHD mice. We also present ev-
idence that mature neutrophils regulate macrophage
inflammation via MMP9-mediated activation of TGF-p1.

RESULTS

Uncontrollable inflammatory responses in GVHD
mice after haplo-BMT

To investigate inflammatory immune responses after BMT,
we first established a mouse model of haplo-BMT (B6 —
B6D2F1) in which B6D2F1 mice were lethally irradiated fol-
lowed by infusion with donor-derived T-cell-depleted bone
marrow (TCD-BM). To induce GVHD in allogeneic recipient
mice, splenic T cells purified from donor B6 mice were trans-
ferred together with TCD-BM cells. On day 14 post-haplo-
BMT, allogeneic recipients that received both TCD-BM and
T cells showed signs of GVHD, evident by enlarged spleens
containing increased T cell infiltration (Figures S1A-S1C),
as well as elevated serum IFN-y level, compared with non-
GVHD recipients (Figure S1D). To compare the inflamma-
tory responses in haplo-BMT mice, we utilized an LPS-
induced sepsis model by intravenously injecting a low
dose of LPS (1 mg/kg body weight) on day 14 post-haplo-
BMT (Figure 1A). As shown in Figure 1B, a low-dose LPS
administration was fatal in GVHD mice (9 of 10 mice died
within 24 h of LPS injection), while the majority of non-
GVHD mice (7 of 8 mice) and all un-transplanted wild-
type (WT) mice survived the same dose of LPS administra-
tion. We further analyzed proinflammatory cytokines in
sera after LPS challenge by quantitative ELISA. As shown
in Figures 1C-1E, LPS induced dramatically higher levels
of TNF-«, IL-6, and IL-12 in GVHD mice, indicators of the
cytokine storm, compared with non-GVHD mice and un-
transplanted WT mice. We also found an elevated level of
serum IL-10, a classical immune-regulatory cytokine, in
GVHD mice (Figure 1F), indicating a dysfunction of im-
mune regulation in these recipient animals post-haplo-
BMT. Interestingly, a remarkably decreased level of serum
TGF-B1 was observed in GVHD mice after LPS administra-
tion (Figure 1G), compared with that in non-GVHD mice
and untransplanted WT mice. The inflammatory response

in septic GVHD mice was systemic, as increased levels of
TNF-a and IL-6 production were found in spleens, lungs,
and livers 2 h after LPS injection (Figure 1H).

To further extend our observation of inflammatory re-
sponses in GVHD mice, we established an E. coli-induced
peritonitis model in recipient animals on day 14 post-
haplo-BMT (Figure 1A). While the majority of untrans-
planted WT mice and non-GVHD mice survived a
3 x 10'° colony-forming units (CFU)/kg E. coli infection,
GVHD mice exhibited vulnerability to E. coli infection,
which induced 92.3% mortality in 48 h (Figure 1I). These
results were not explained by differences in controlling
bacteria at the primary site of infection and bacterial prop-
agation, because comparable bacterial CFU were found in
peritoneal cavity, blood, spleen, and lung between non-
GVHD and GVHD mice 18 h after E. coli infection (Fig-
ure 1J). Notably, E. coli infection induced significantly
increased TNF-a and IL-6 in sera of GVHD mice, compared
with non-GVHD mice (Figure 1K), suggesting an inflamma-
tory cytokine storm was associated with mortality of septic
GVHD mice post-haplo-BMT. Collectively, these data indi-
cate that GVHD mice have uncontrolled inflammatory re-
sponses in both sterile and bacterial sepsis after haplo-BMT.

Post-haplo-BMT sepsis in GVHD mice is mediated by
macrophage inflammation

To investigate which cell subset contributes to the produc-
tion of proinflammatory cytokines in GVHD mice, sepsis
was induced by injecting LPS into recipient mice on day
14 post-haplo-BMT, and intracellular cytokine analyses of
immune cells in spleens were performed 2 h later by flow cy-
tometry. As shown in Figures 2A and 2B, splenic macro-
phages and monocytes, but not dendritic cells (DCs), were
hyperactive cell subsets producing TNF-a and IL-6 in
GVHD mice after LPS challenge. To further confirm this
finding and investigate the role of macrophages in post-
haplo-BMT sepsis, we used clodronate liposomes to deplete
macrophages in vivo in GVHD mice before the induction
of LPS sepsis (Figure 2C). Macrophage depletion signifi-
cantly decreased levels of serum TNF-o. and IL-6 after LPS in-
jection in GVHD mice, but only slightly increased survival at
early times, compared with macrophage-replete GVHD mice
(Figures 2D and 2E). Consistently, macrophage depletion
showed beneficial effects in E. coli-induced sepsis in terms
of reduction of proinflammatory cytokines in sera and in-
crease survival of GVHD mice after E. coli infection

(I) At 14 days after BMT, allogeneic recipient mice were injected intraperitoneally (i.p.) with 3 x 10" CFU/kg E. coli. Untransplanted WT
(57BL/6 mice injected with 3 x 10™° CFU/kg E. coli were used as controls. The survival of these mice after £. coli infection was monitored
afterward. Comparison of survival between each group was performed by log-rank (Mantel-Cox) test.

(J) At 18 h after E. coli injection, the mice were sacrificed, and CFU of bacteria in blood, peritoneal cavity, spleens, and lungs were
quantified by limited dilution of plating. Each dot represents one mouse in each group. Data are presented as the mean + SEM.

(K) At 4 h after E. coli injection, TNF-o and IL-6 in serum were measured by quantitative ELISA. Data are presented as the mean + SEM.
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Figure 2. Macrophages are dominant inflammatory cells during sepsis post-haplo-BMT

(A and B) At 14 days after BMT, allogeneic recipient mice were injected i.v. with 1 mg/kg LPS. Untransplanted WT C57BL/6 mice
were injected with 1 mg/kg LPS as control. Two hours later, mice injected with LPS or PBS control were sacrificed for spleens. Splenocytes
were cultured 7n vitro in the presence of Brefeldin A for 4 h. Then cells were harvested for intracellular staining. Total numbers of TNF-a.- or
IL-6-positive DCs, macrophages, and monocytes in spleens are shown. Data are presented as the mean + SEM (n = 4).

(C) A schematic of macrophage depletion and induction of sepsis after BMT. At 13 days after BMT, GVHD mice were injected with 200 pL
clodronate liposome or PBS i.v., and 24 h later, these mice were injected i.v. with 1 mg/kg LPS.

(legend continued on next page)
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(Figures 2F and 2G). The improved survival rate of macro-
phage-depleted GVHD mice was not correlated with the
control of infection in primary sites of infection or bacterial
propagation, because the bacterial loads in the peritoneal
cavity, blood, spleen, and lung between macrophage-replete
and -depleted GVHD mice were not significantly different
(Figure 2H). Notably, neutrophil response to infection was
also unchanged after macrophage depletion in GVHD
mice, evident by similar frequencies of neutrophils in both
blood and peritoneal lavage 18 h after infection (Figure 2I).
Together, these data indicate that infection-induced mortal-
ity of GVHD mice was mostly attributed to macrophage-
derived inflammatory cytokine storm, rather than the con-
trol of bacterial proliferation and propagation.

Neutrophils inhibit LPS- and E. coli-induced sepsis in
GVHD mice

Neutrophils are a heterogeneous cell population and were
found to play regulatory roles in inflammatory responses
(Mortaz et al., 2018; Rosales, 2018). Monoclonal antibodies
against Gr-1 or Ly6G, which recognize different antigen epi-
topes on neutrophils, have been extensively used for in vivo
neutrophil depletion (Coffelt et al., 2015; Engblom et al.,
2017; Bansal et al., 2018; Szczerba et al., 2019). Administra-
tion of either antibody into GVHD mice could effectively
deplete neutrophils in 24 h (Figures S2A and S2B), without
perturbing the number of splenic macrophages (Figure S2C).
To study the function of neutrophils in sepsis post-haplo-
BMT, we administered anti-Gr-1 to deplete neutrophils in
GVHD mice 1 day before the induction of LPS sepsis (Fig-
ure 3A). Of interest, anti-Gr-1-mediated neutrophil deple-
tion significantly elevated levels of serum TNF-o and IL-6
in GVHD mice following LPS injection (Figure 3B) and
slightly reduced the survival time of recipient mice (Fig-
ure 3C). However, WT mice with neutrophil depletion
were still resistant to LPS challenge (Figure S3A), while
neutrophil-depleted non-GVHD mice showed slightly, but
not significantly, increased production of serum inflamma-

tory cytokines after LPS injection (Figure S3B). These data
suggested a regulatory role for neutrophils in sepsis post-
haplo-BMT. To further confirm this finding, we isolated neu-
trophils from bone marrow of WT B6 mice by Percoll
gradient centrifugation and performed an in vivo experiment
(Figure 3D). Isolated neutrophils (over 90% purity) were
identified to have a maturation phenotype by cell-surface
expression of Ly6G and CXCR2, a hallmark molecule for
neutrophil maturation and emigration from bone marrow
(Evrard etal., 2018) (Figure S4A). Adoptive transfer of mature
neutrophils into GVHD mice significantly reduced LPS-
induced serum TNF-a levels (Figure 3E), although the sur-
vival did not show any significant difference between septic
GVHD mice that received neutrophils or not (Figure 3F). We
next performed a neutrophil adoptive transfer experiment
in the E. coli-induced mouse sepsis model (Figure 3D). While
neutrophil adoptive transfer had noimpact on reducing bac-
terial counts in blood samples of recipient mice (data not
shown), it significantly decreased proinflammatory cyto-
kine production in sera of GVHD mice (Figure 3G) and
increased their survival after E. coli infection (Figure 3H).
Next we asked whether the regulatory effect of neutrophils
in sepsis is dependent on macrophage inflammation. To
this end, we used anti-G1-1 and/or clodronate liposomes to
deplete neutrophils and/or macrophages in GVHD mice
before induction of LPS sepsis (Figure 3I). While depletion
of macrophages abolished inflammatory responses after
LPS administration, elimination of neutrophils in the
absence of macrophages did not increase the production of
serum TNF-a and IL-6 in GVHD mice post-haplo-BMT (Fig-
ure 3]). These data indicate that mature neutrophils could
regulate macrophage-mediated inflammatory responses in
sepsis post-haplo-BMT.

Abnormal granulopoiesis and deficient neutrophil
maturation in haplo-BMT mice

The finding that neutrophils could mediate immune regu-
lation on macrophage activation in vivo prompted us to

(D) Serum TNF-o and IL-6 were measured by quantitative ELISA 2 and 6 h after LPS administration. Serum samples before LPS injection were
included as controls. Data shown are the pooled results of three independent experiments with at least four mice per group in each experiment.
Data are presented as the mean + SEM.

(E) Survival of the mice after LPS administration was monitored. Comparison of survival between two groups was performed by log-rank
(Mantel-Cox) test.

(F) At 13 days after BMT, GVHD mice were injected i.v. with 200 puL clodronate liposome or PBS, and 24 h later, these mice were injected i.v.
with 3 x 10%° CFU/kg E. coli. Serum TNF-c and IL-6 were measured by quantitative ELISA 4 h after E. coli infection. Data shown are the
pooled results of two independent experiments with at least five mice per group in each experiment. Data are presented as the mean + SEM.
(G) Survival of the mice after E. coli infection was monitored afterward. Comparison of survival between two groups was performed by log-
rank (Mantel-Cox) test.

(H) At 18 h after E. coli injection, mice were sacrificed and CFU of bacteria in blood, peritoneal cavity, spleen, and lung were quantified by
limited dilution of plating. Each dot represents one mouse in each group. Data are presented as the mean + SEM.

(I) At 18 h after E. coli injection, the percentages of neutrophils in blood and peritoneal cavity were analyzed by fluorescence-activated
cell sorting (FACS). Data are presented as the mean + SEM.
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Figure 3. Neutrophils regulate macrophage-mediated sepsis in GVHD mice
(A) A schematic of neutrophil depletion and induction of sepsis after BMT. At 13 days after BMT, GVHD mice were injected i.p. with 250 pg
anti-Gr-1 or isotype control antibody in 200 pL PBS, and 24 h later, these mice were injected i.v. with 1 mg/kg LPS.
(B) Serum TNF-c. and IL-6 were measured by quantitative ELISA 2 and 6 h after LPS injection. Serum samples before LPS injection
were included as controls. A representative result of two independent experiments is shown. Data are presented as the mean + SEM
(n=5).

(legend continued on next page)
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investigate the granulopoiesis in recipient mice haplo-
BMT. We first quantified the number of total CD11b*Gr-
1" neutrophils in both bone marrow and periphery of
haplo-BMT recipient mice by multiple-color flow cytome-
try (Figures S4B-S4D). A preconditioning regimen and
GVHD resulted in neutropenia 7 days post-haplo-BMT, evi-
denced by reduced number of neutrophils in spleens of
recipient mice receiving bone marrow plus T cell (BM + T)
grafts (Figure S5), which was followed by rapid granulopoi-
esis, and the numbers of neutrophils in spleens and blood
of both GVHD and non-GVHD mice were significantly
higher by day 14 compared with those in untransplanted
WT mice (Figure 4A). However, granulopoiesis in bone
marrow was still deficient on day 14, evidenced by
decreased numbers of neutrophils as well as reduced per-
centages and total numbers of Lin“Sca-1*c-kit™ cells
(LSKs) and hematopoietic stem cells (HSCs) in bone
marrow of haplo-BMT recipient mice (Figures 4A-4C). Neu-
trophils are developmentally differentiated in bone
marrow from precursors and released into the peripheral
circulation after phenotypic maturation. Although the ca-
pacity of producing neutrophils in bone marrow of
GVHD mice post-haplo-BMT was greatly reduced, neutro-
phil maturation in the bone marrow of these mice did
not show obvious changes compared with untransplanted
WT mice (Figure 4D). In contrast, significantly increased
percentages of immature neutrophils were found in spleens
of both GVHD and non-GVHD mice on day 14 post-haplo-
BMT (Figure 4D). Immature neutrophils also circulated in
peripheral blood, and we observed 3.93- and 1.46-fold in-
creases in percentage of immature neutrophils in GVHD
and non-GVHD mice, respectively (Figure 4D). These find-
ings suggested abnormal granulopoiesis and deficiency of
neutrophil maturation post-haplo-BMT, especially in recip-
ient mice suffering from GVHD. Spleen has been reported

to be an important organ for extramedullary hematopoiesis
during bone marrow failure, tissue inflammation, injury,
and other pathogenic conditions (Chiu et al., 2015; Johns
and Christopher, 2012; Yamamoto et al., 2016). We found
that after haplo-BMT, LSKs in spleens of GVHD mice signif-
icantly increased in both percentage and absolute number,
compared with those in non-GVHD mice and untrans-
planted WT mice (Figures 4E and 4F). Taken together,
these findings indicated that insufficient granulopoiesis
in bone marrow was associated with extramedullary
granulopoiesis and deficient neutrophil maturation post-
haplo-BMT.

Mature neutrophils inhibit macrophage

inflammation via MMP9-mediated activation

of TGF-B1

The finding that neutrophils regulated macrophage inflam-
mation in vivo prompted us to explore its underlying
immunological mechanism. Thioglycolate-elicited perito-
neal macrophages and isolated mature neutrophils from
bone marrow were cultured in the presence of LPS
in vitro. Neutrophils express relatively low levels of LPS re-
ceptor/CD14 (Sabroe et al., 2002; Murdoch et al., 2008;
White et al., 2014) and were barely responsive to LPS stim-
ulation, in contrast to macrophages, which produce high
levels of TNF-a and IL-6 (Figure 5A). Interestingly, the acti-
vation of macrophages was remarkably inhibited when
they were co-cultured with purified mature neutrophils
in vitro (Figure 5A). It was reported that macrophage-medi-
ated inflammatory responses could be regulated by CD14-
dependent uptake of apoptotic neutrophils (Poon et al.,
2014; Ren et al., 2008). To assess whether neutrophils regu-
late macrophage activation in a cell contact-dependent or
independent manner, macrophages were cultured with
mature neutrophils either separated by a 0.4 pm transwell

(C) Survival of the mice after LPS administration was monitored. Comparison of survival between two groups was performed by log-rank
(Mantel-Cox) test.

(D) A schematic of neutrophil adoptive transfer and induction of sepsis after BMT. At 14 days after BMT, GVHD mice were injected i.v. with
1 mg/kg LPS to induce sepsis. At 24 and 1 h before LPS injection, 5 x 10° neutrophils were adoptively transferred or not into GVHD mice.
(E) Serum TNF-c. and IL-6 were measured by quantitative ELISA 2 and 6 h after LPS administration. Serum samples before LPS injection were
included as controls. A representative result of two independent experiments is shown. Data are presented as the mean + SEM (n = 5).
(F) Survival of GVHD mice that received neutrophils through adoptive transfer or not was monitored after LPS injection. Comparison of
survival between two groups was performed by log-rank (Mantel-Cox) test.

(G) At 14 days after BMT, GVHD mice were injected i.p. with 3 x 10 CFU/kg E. coli. At 24 and 1 h before infection, 5 X 10° neutrophils
were adoptively transferred or not into GVHD mice. Serum TNF-a. and IL-6 were measured by quantitative ELISA 4 h after E. coli infection.
Data shown are pooled results of two independent experiments with at least four mice per group in each experiment. Data are presented as
the mean + SEM.

(H) Survival of GVHD mice that received neutrophils through adoptive transfer or not was monitored after E. coli infection. Comparison of
survival between two groups was performed by log-rank (Mantel-Cox) test.

(I) A schematic of macrophage and neutrophil depletion and induction of sepsis after BMT. At 13 days after BMT, GVHD mice were injected
i.v. with 200 plL clodronate liposomes alone or together with 250 pg anti-Gr-1 in 200 pL PBS i.p. GVHD mice that received PBS were
included as controls. Twenty-four hours later, these mice were injected i.v. with 1 mg/kg LPS to induce sepsis.

(J) Serum TNF-o and IL-6 were measured by quantitative ELISA 2 h after LPS administration. Data are presented as the mean + SEM.
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Figure 4. Abnormal granulopoiesis in GVHD mice

(A) At 14 days after BMT, CD11b*Gr-1* neutrophils in bone marrow, spleen, and blood were enumerated in allogeneic recipient mice that
received TCD-BM grafts or BM + T grafts, as well as untransplanted WT C57BL/6 mice. Data shown are pooled results of three independent
experiments with four mice per group in each experiment. Data are presented as the mean + SEM.

(B) At 14 days after BMT, bone marrow cells were analyzed for LSK cells and HSCs according to their cell-surface expression of markers.
(C) The percentages and total cell numbers of LSKs and HSCs in bone marrow are shown. Data are pooled results of two independent
experiments with four mice per group in each experiment. Data are presented as the mean + SEM.

(D) At 14 days after BMT, neutrophils (CD11b*Gr-1%) were analyzed for their cell-surface expression of Ly6G and CXCR2. The percentages of
immature neutrophils (CD11b"Gr-1*CXCR2") in total neutrophils in bone marrow, spleen, and blood are shown. Data are pooled results of
two independent experiments with four mice per group in each experiment.

(E) At 14 days after BMT, spleen cells were analyzed for LSKs according to their cell-surface marker expression in Lin™ cells.

(F) The percentages and numbers of Lin™ and LSK cells are shown. Data are pooled results of two independent experiments with at least
three mice per group in each experiment. Data are presented as the mean + SEM.
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Figure 5. Mature neutrophils modulate macrophage inflammation via MMP9-mediated activation of TGF-f31

(A) Thioglycolate-elicited peritoneal macrophages (1 x 10°) and mature neutrophils (2 X 10°) isolated from WT C57BL/6 mice were
cultured alone or together in the presence or absence of 1 ug/mL LPS in triplicate in 96-well plates for 24 h. TNF-o. and IL-6 in the culture
supernatant were measured by quantitative ELISA. A representative result of at least three independent experiments is shown. Data are
presented as the mean + SEM.

(B) Thioglycolate-elicited peritoneal macrophages were cultured (1 X 10°) alone or together with isolated mature neutrophils (2 X 10°) in
the presence of 1 pug/mL anti-TGF-f or isotype control IgG. Twenty-four hours later, the culture supernatant was collected for cytokine

(legend continued on next page)
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membrane or not. The regulatory effect of neutrophils was
probably mediated by soluble factors, but not cell contact,
as separation of neutrophils and macrophages by a 0.4 pm
transwell membrane did not change the inhibition of
macrophage production of TNF-«, although it partially
diminished the inhibition of IL-6 production (Figures S6A
and S6B).

Neutrophils were found to inhibit lymphocyte activation
via TGF-B1 (Germann et al., 2020; Kamenyeva et al., 2015).
We therefore asked whether the inhibitory effect of neutro-
phils on macrophage activation was dependent on TGF-B1.
Anti-TGF-B1 had no direct impact on LPS-stimulated
macrophage production of TNF-o and IL-6 when they
were cultured alone (Figure 5B). However, in a co-culture
experiment, neutrophil-mediated inhibition of macro-
phage activation was partially rescued by blocking the
function of TGF-p1 (Figure 5B). Interestingly, qPCR anal-
ysis revealed that macrophages, but not mature neutro-
phils, expressed high levels of TGF-f1 (Figure S5C).
Produced by macrophages and other immune cells, the
TGF-B1 precursor is first expressed to form a latent complex
and cleaved into active TGF-B1 via multiple mechanisms,
including MMP-mediated activation (Yu and Stamenkovic,
2000). qPCR analysis found that neutrophils expressed
high levels of MMP9 but not MMP2 (Figure 5C). In addi-
tion, the expression of MMP9 was mainly restricted to
mature neutrophils, rather than immature neutrophils
(Figures S6C and S6D). We also found that splenic

CD11b*Gr-1* neutrophils from day 14 haplo-BMT mice
showed significantly reduced MMP9 expression, compared
with untransplanted WT mice (Figure S6E), consistent with
their impaired maturation after haplo-BMT (Figure 4D). We
next asked whether the regulatory effect of neutrophils is
dependent on MMP9. MMP9 inhibitor significantly dimin-
ished neutrophil-mediated inhibition of macrophage acti-
vation in terms of TNF-a and IL-6 production in a co-cul-
ture experiment (Figure 5D).

Our above finding that serum TGF-B1 was reduced
dramatically in septic GVHD mice (Figure 1G) suggested a
regulatory role for TGF-B1 in LPS-induced sepsis post-
BMT. To further confirm whether TGF-B1 production in vivo
was dependent on neutrophils, sepsis was induced in
GVHD mice after anti-Gr-1-mediated neutrophil depletion.
As shown in Figure S5E, neutrophil depletion further
reduced the serum TGF-B1 level in septic GVHD mice.
Conversely, adoptive transfer of mature neutrophils iso-
lated from WT donor mice into GVHD mice before the in-
duction of LPS sepsis significantly increased serum TGF-f1
levels 6 h after LPS challenge (Figure 5F). These data sug-
gested a beneficial role of TGF-B1 in GVHD mice in LPS
sepsis. To test this, we first explored the effect of TGF-p1
on LPS-simulated macrophage activation in vitro. TGF-p1
significantly inhibited LPS-induced macrophage produc-
tion of TNF-a and IL-6, while the inhibitory effect could
be further enhanced by preincubation of macrophages
with TGF-B1 for 2 h before LPS stimulation (Figure 5G).

analysis. Data shown are the pooled results of three independent experiments each done in triplicate. Data are presented as the
mean + SEM.

(C) gPCR analysis of TGF-B1, MMP2, and MMP9 gene expression in thioglycolate-elicited peritoneal macrophages and isolated mature
neutrophils from WT C57BL/6 mice. Data are presented as the mean + SEM.

(D) Thioglycolate-elicited peritoneal macrophages were cultured (1 X 10°) alone or together with isolated mature neutrophils (2 X 10°) in
the presence of 5 uM MMP9 inhibitor. Twenty-four hours later, the culture supernatant was collected for cytokine analysis. A representative
result of two independent experiments is shown. Data are presented as the mean + SEM.

(E) At 13 days after BMT, GVHD mice were injected i.p. with 250 pg anti-Gr-1 or isotype control antibody in 200 uL PBS. Twenty-four hours
later, these mice were injected i.v. with 1 mg/kg LPS. Serum TGF-B1 concentration was measured by quantitative ELISA 2 and 6 h after LPS
injection. Serum samples before LPS injection were included as control. Data shown are the pooled results of three independent experi-
ments with at least four mice in each experiment. Data are presented as the mean + SEM.

(F) At 14 days after BMT, GVHD mice were injected i.v. with 1 mg/kg LPS to induce sepsis. At 24 and 1 h before LPS injection, GVHD mice
received 5 X 10° mature neutrophils isolated from WT C57BL/6 mice by adoptive transfer or did not. Serum TGF-B1 concentration was
measured by quantitative ELISA 2 and 6 h after LPS administration. Serum samples before LPS injection were included as control. Data
shown are the pooled results of two independent experiments. Data are presented as the mean + SEM.

(G) Thioglycolate-elicited peritoneal macrophages were stimulated with 0.1 pg/mL LPS in the presence of 50 ng/mL recombinant TGF-f1.
Macrophages preincubated with 50 ng/mL recombinant TGF-B1 for 2 h before adding 0.1 ug/mL LPS were also included in this experiment.
A representative result of two independent experiments done in triplicate is shown.

(H) A schematic of recombinant TGF-B1 administration and induction of LPS sepsis after BMT. At 14 days after BMT, GVHD mice were
injected i.v. with 1 mg/kg LPS to induce sepsis. At 24 and 1 h before LPS injection, GVHD mice were injected with 1 g recombinant TGF-B1
in 100 ulL PBSi.v. and i.p., respectively.

(I) Survival of these mice was monitored after LPS injection. Comparison of survival between two groups was performed by log-rank
(Mantel-Cox) test.

(J) Serum TNF-o. and IL-6 were measured by quantitative ELISA 2 and 6 h after LPS injection. Data shown are the pooled results of three
independent experiments. Data are represented as the mean + SEM.
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Healthy conditions

Figure 6. Schematic representation of
mature neutrophil-mediated regulation
of macrophage inflammation

In healthy conditions, mature neutrophil-
derived MMP9 is sufficient to cleave latent
TGF-B1 produced by macrophages. Acti-
vated TGF-B1 inhibits LPS-induced macro-
phage activation and thus reduces the
inflammatory responses. After allogeneic
BMT, deficient neutrophil reconstitution
and maturation reduces the production
of MMP9 and diminishes modulation of
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To directly study the regulatory effect of TGF-B1 in septic
GVHD mice, recombinant TGF-B1 was administered to
GVHD mice before the induction of LPS sepsis (Figure SH).
We found that TGF-B1 administration increased the sur-
vival rate of septic GVHD mice from 11.1% to 50%, and
decreased the production of serum proinflammatory cyto-
kines (Figures 51 and 5]). Taken together, these data indicate
that mature neutrophils regulate macrophage inflamma-
tion via MMP9-mediated TGF-B1 activation both in vitro
and in vivo.

DISCUSSION

The prevention and treatment of sepsis are challenging due
to our poor understanding of the underlying mechanism of
sepsis pathogenesis. As one of the most common complica-
tions post-HSCT, infection is more likely to develop into se-
vere sepsis, which remains a major cause of mortality for
HSCT patients (Kumar et al., 2015). Inspired by these clin-
ical findings, we utilized a mouse model of haplo-BMT to
investigate both bacterial and sterile inflammation in recip-
ient mice post-haplo-BMT. Our findings in this study indi-
cate that neutrophils play regulatory roles in inflammation

post-haplo-BMT. Neutrophil maturation deficiency associ-
ated with enhanced extramedullary granulopoiesis dimin-
ished immune modulation of macrophage-dependent
inflammation, which contributed to the pathogenesis of
sepsis in GVHD mice post-haplo-BMT. Mechanistically,
mature, but not immature, neutrophils regulated macro-
phage inflammation via MMP9-mediated activation of
TGEF-B1 (Figure 6). Our study defines an additional risk of
neutropenia in infection-induced inflammation and em-
phasizes the importance of neutrophil reconstitution and
functional maturation in regulating inflammatory re-
sponses in sepsis post-haplo-BMT.

It was believed that neutrophils are a homogeneous pop-
ulation; however, in recent years, neutrophil heterogeneity
has been reported in both homeostatic and pathological
conditions (Ng et al., 2019). A heterogeneous cell popula-
tion that expands in chronic and acute inflammation, can-
cer, and trauma is named as myeloid-derived suppressor
cells (MDSCs), mainly defined by their immunosuppres-
sive functions, although they share similar cell-surface
markers with their counterparts in healthy conditions (Ga-
brilovich and Nagaraj, 2009). An inflammatory environ-
ment, induced in these pathological conditions as well as
in sepsis, stimulates the emigration of immature myeloid
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cells from bone marrow into the periphery, which later ac-
quire immunosuppressive functions (Schrijver et al., 2019;
Veglia et al., 2018). Although allogeneic recipient animals
with GVHD showed signs of inflammation (Figure S1D),
the maturation of CD11b*Gr-1" neutrophils in bone
marrow was relatively normal compared with untrans-
planted WT mice (Figure 4D). It has been shown that
MDSCs suppress immune responses via various mecha-
nisms, involving the production of reactive oxygen and ni-
trogen species, expression of arginase, and secretion of
immunoregulatory cytokines like IL-10 and TGF-B (Bru-
decki et al., 2012). MDSCs exhibit a potent ability to regu-
late T cell activation and interact with regulatory T cells
through a TGF-B-dependent mechanism (Huang et al.,
2006; Lee et al., 2016). However, in the BMT scenario, a
population of MDSC:s is not likely to be induced in alloge-
neic recipient animals, considering the development of
GVHD and disability of granulopoiesis in bone marrow.
Our data also indicated that CD11b*Gr-1" cells isolated
from spleens of allogeneic recipient mice expressed low
levels of TGF-B1 (Figure S6E), distinguishing them from
MDSCs in inflammatory conditions. It seems that a lack
of sufficient mature neutrophils, but not immature
myeloid cell populations like MDSCs, diminished the regu-
lation of macrophage activation in allogeneic recipient
mice, as adoptive transfer of mature neutrophils isolated
from WT donor mice inhibited sepsis in GVHD mice
(Figures 3E-3H). Since cell-cell contact is dispensable for
neutrophil-mediated regulation of macrophage activation,
evident by our in vitro transwell experiment, an abundant
pool of mature neutrophils and their derived soluble fac-
tors, such as MMP9, would be of significance to restrain
the intensity of inflammatory macrophage activation and
thus inhibit sepsis post-haplo-BMT.

During the procedure of HSCT, preconditioning regi-
mens, such as total body irradiation and chemotherapy,
as well as GVHD, could damage the bone marrow niches
for supporting neutrophil development. The capacity of
bone marrow to produce neutrophils is remarkably
impaired in recipient mice post-haplo-BMT (Figure 4A),
which might be a reason for the induction of increased ex-
tramedullary granulopoiesis in spleens of these mice.
Indeed, neutrophil progenitors have been found in the
spleen (Jhunjhunwala et al.,, 2016), a major alternative
imprinting extramedullary site for neutrophil differentia-
tion, although the underlying mechanisms of extramedul-
lary granulopoiesis still remain elusive. In this study, we
found immature neutrophils populating in the periphery
of haplo-BMT mice, possibly due to augmented extrame-
dullary granulopoiesis in the spleen. However, our findings
in this study may have limitations for interpreting granulo-
poiesis in animal models using nonmyeloablative prepara-
tive regimens. Host-derived neutrophils could survive sub-
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lethal irradiation and might be directly targeted by donor
T cells due to the major histocompatibility complex
(MHC) disparity and therefore exhibit different patterns
of expansion and maturation. In addition, the use of a
mouse BMT model with a myeloablative preparative
regimen excluded the possibility of investigating the func-
tions of other host-derived myeloid cells, such as macro-
phages, in post-BMT sepsis. Since host-derived macro-
phages could play distinct roles versus donor-derived
macrophages in GVHD (Hashimoto et al., 2011; Jardine
et al., 2020; Hong et al., 2021), their functions in immune
regulation and inflammation post-BMT will merit further
investigation in different mouse BMT models.

GVHD is an important factor in priming inflammatory
macrophages post-HSCT (Hong et al., 2020). Macrophages
from GVHD mice were more sensitive to LPS stimulation
and produced higher levels of TNF-a and IL-6 (Figures S6F
and S6G) than their counterparts from non-GVHD mice
or WT donor mice, both of which exhibited comparable
low responsiveness to LPS stimulation (data not shown).
This is consistent with our in vivo experiment showing
that only GVHD mice showed increased vulnerability to
infection and developed sepsis to low-dose LPS challenge,
which was attributed to inflammatory macrophage activa-
tion (Figures 1B and 2D). The activation of macrophages
from both GVHD mice and WT mice could be similarly in-
hibited by mature neutrophils in vitro (Figures S6F and
S6G). However, our in vivo experiment indicated that the
regulation of inflammatory macrophage activation was
particularly dependent on functional neutrophils in BMT
scenarios (Figures 3B and S3), and additional immunoregu-
latory mechanisms might exist to compensate the regula-
tory function of neutrophils in WT mice in response to in-
flammatory stimulation. Our findings demonstrate that
deficiencies of neutrophil reconstitution and functional
maturation aggravated the imbalance of immune regula-
tion in macrophage-induced inflammation, which contrib-
uted to the pathogenesis of post-haplo-BMT sepsis. Further
studies are needed to investigate how to reduce extrame-
dullary granulopoiesis and promote neutrophil maturation
post-BMT, which might be of interest in preventing post-
HSCT sepsis.

EXPERIMENTAL PROCEDURES

Mice

B6D2F1 mice (H-2"9) were bred at the Soochow University Animal
facility from female C57BL/6 (H-2P) and male DBA/2 (H-2%) mice
or purchased from the Model Animal Research Center of Nanjing
University (Nanjing, China) and used for experiments. C57BL/6
and DBA/2 mice were purchased from the Beijing Vital River Lab-
oratory Animal Technology Company. Mice were kept in a specific-
pathogen-free facility in microisolator cages, and experiments



were performed with mice at 8-10 weeks of age. All animal proto-
cols were approved by the Institutional Laboratory Animal Care
and Use Committee of Soochow University.

Haploidentical bone marrow transfer models

Bone marrow cells from female C57BL/6 mice were removed asep-
tically from femurs and tibias by flushing with ice-cold PBS. After
red blood cell lysis, T cells were depleted from bone marrow cells
by incubation with anti-Thy 1.2 antibody (BioLegend) for
30 min at 4°C, followed by another incubation with Low-TOX-M
rabbit complement (Cedarlane) for 40 min at 37°C. Splenic
T cells were purified by positive selection using anti-CDS5 anti-
body-conjugated magnetic beads (Miltenyi, Auburn, CA). TCD-
BM cells (5 x 10°) were washed and resuspended in 100 uL PBS
and injected into lethally irradiated recipient female B6D2F1
mice through the lateral tail vein. To induce GVHD, 1 x 106 splenic
Tcells were injected together with 5 x 10° TCD-BM cells into recip-
ient mice. B6D2F1 mice received twice total body irradiation (5.5
Gy each) with a 3 h interval between each irradiation to minimize
the gastrointestinal toxicity.

Sepsis models

Sepsis was induced in recipient mice by a single i.v. injection of LPS
(1 mg/kg, O26:B6, Sigma-Aldrich) on day 14 after BMT. To establish
a mouse model of bacteria-induced septic peritonitis, E. coli (BL21)
was grown overnight in LB broth with shaking at 37°C. Bacteria
were harvested, pelleted by centrifugation, and resuspended in
PBS (CFU were estimated by OD 600 nm and confirmed by quan-
titative culture). Haplo-BMT recipient mice were infected with
3 x 10'° CFU/kg of E. coli i.p. on day 14 post-BMT. Recipient
mice were monitored for survival and bled at indicated time points
for serum cytokine analysis after LPS injection or E. coli infection.

Quantitative real-time PCR

Total mRNA was isolated using the EZNA HP Total RNA Kit
(Omega) according to the manufacturer’s instructions. cDNA was
generated with SuperScript reverse transcriptase (Invitrogen). The
SYBR Green Master Mix (Applied Biosystems), commercially
ordered primes, and an ABI7500 real-time PCR system (Applied
Biosystems) were used for quantitative real-time PCR amplification
of cDNA. Results were presented as relative expression normalized
to Gapdh expression. Relative expression was calculated as
(2(CT test = CTrehy % 100%. Primer sequences are listed in Table S1.

Cell staining and flow cytometry

For cell surface staining, single-cell suspensions were treated with
CD16/CD32 FcR blockers (BioLegend) followed by staining with
fluorescence-conjugated monoclonal antibodies (mAbs) (mAbs
used in this study are listed in Table S2). After staining and thor-
ough washes, samples were acquired on an Attune NxT cytometer
(Thermo Fisher Scientific) and data were analyzed by FlowJo soft-
ware. See supplemental information for the detailed protocol.

Cytokine assay
The TNF-q, IL-6, IFN-v, IL-12, IL-10, and TGF-B1 concentrations in
serum samples or cell culture supernatants were measured by

mouse ELISA kits according to the manufacturer’s instructions. A
standard curve was generated to calculate the concentration of
each cytokine in serum samples. See supplemental information
for details.

Co-culture experiment

For macrophages and neutrophils co-culture experiments, purified
peritoneal macrophages (1 x 10°) and isolated bone marrow mature
neutrophils (2 x 10%) from WT C57BL/6 mice were cultured alone
or together in RPMI with 10% fetal bovine serum (FBS), penicillin
(100 U/mL), and streptomycin (100 U/mL) (Gibco) for 1 h in 96
well plates. Then, 1 pg/mL LPS was added and the cells were cultured
for another 20 h in the presence of 1 pg/mL anti-mouse TGF-p1
(clone 1D11.16.8) or isotype control IgG (Bio X Cell), 5 uM
MMP9 inhibitor (Sigma-Aldrich), or vehicle control. Culture super-
natant was collected for cytokine analysis by ELISA.

Statistical analysis

Data are expressed as the mean + SEM. Comparison of the average
values between two sample groups was made with unpaired Stu-
dent’s t test. For in vivo sepsis experiments, log-rank test (Mantel-
Cox) was used to compare the differences in survival rate between
two groups of mice. All statistical analyses were performed with
Prism software (GraphPad Software).
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