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Sepsis, defined as organ dysfunction caused by a dysregulated host-response to infection, is
characterized by immunosuppression. The vasopressor norepinephrine is widely used to
treat low blood pressure in sepsis but exacerbates immunosuppression. An alternative vaso-
pressor is angiotensin-II, a peptide hormone of the renin-angiotensin system (RAS), which
displays complex immunomodulatory properties that remain unexplored in severe infec-
tion. In a murine cecal ligation and puncture (CLP) model of sepsis, we found alterations
in the surface levels of RAS proteins on innate leukocytes in peritoneum and spleen.
Angiotensin-II treatment induced biphasic, angiotensin-II type 1 receptor (AT1R)-dependent
modulation of the systemic inflammatory response and decreased bacterial counts in both
the blood and peritoneal compartments, which did not occur with norepinephrine treat-
ment. The effect of angiotensin-II was preserved when treatment was delivered remote
from the primary site of infection. At an independent laboratory, angiotensin-II treatment
was compared in LysM-Cre AT1aR™'~ (Myeloid-AT1a~) mice, which selectively do not
express AT1R on myeloid-derived leukocytes, and littermate controls (Myeloid-AT1a*).
Angiotensin-II treatment significantly reduced post-CLP bacteremia in Myeloid-AT1a™
mice but not in Myeloid-AT1a™ mice, indicating that the AT1R-dependent effect of
angiotensin-II on bacterial clearance was mediated through myeloid-lineage cells. Ex vivo,
angiotensin-II increased post-CLP monocyte phagocytosis and ROS production after
lipopolysaccharide stimulation. These data identify a mechanism by which angiotensin-II
enhances the myeloid innate immune response during severe systemic infection and high-
light a potential role for angiotensin-II to augment immune responses in sepsis.
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Sepsis, the cause of 20% of deaths worldwide (1), is life-threatening organ dysfunction
caused by a dysregulated host response to infection (2). This dysregulated host response
includes suppression of beneficial innate immune responses, which is associated with
particularly poor outcomes (3, 4).

Catecholaminergic vasopressors, particularly norepinephrine, are widely used to main-
tain blood pressure but contribute to immunosuppression in sepsis (5, 6). Specifically,
norepinephrine decreases blood levels of proinflammatory cytokines (e.g., tumor necrosis
factor-a [TNF-at], interleukin [IL]-6) and chemokines (e.g., MCP-1, KC, macrophage
inflammatory protein [MIP]-1a, MIP-2) and increases blood levels of antiinflammatory
cytokines (e.g., IL-10) (5). In cecal-ligation and puncture (CLP), an animal model that
mimics some aspects of human sepsis, norepinephrine increases systemic bacterial dissem-
ination (5). Yet, current international sepsis management guidelines recommend norepi-
nephrine as first-line treatment for septic shock (7, 8), in part due to a lack of adequate
alternatives. The current dependence on norepinephrine as first-line treatment despite its
negative immunologic effects highlights the need to investigate other approaches to
increase blood pressure while maintaining beneficial immune responses (6).

In contrast to catecholamines, angiotensin-II is an endogenous vasoconstrictor and
Food and Drug Administration (FDA)-approved vasopressor that displays well-established
proinflammatory effects (9). Angiotensin-II induces the vascular endothelium to secrete
proinflammatory cytokines and chemokines (10-12). Diverse types of leukocytes express
angiotensin receptors, and the renin-angiotensin system (RAS) modulates the function
of these cells in complex ways (13-16). Therefore, we tested the hypothesis that
angiotensin-II augments the immune response in CLP.

Results

CLP Alters RAS-Related Protein Expression on Innate Leukocytes. To explore whether
murine CLP alters the expression of RAS proteins on the surface of innate immune
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deaths worldwide, often induces
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emergent treatment with
catecholamine vasopressors, such
as norepinephrine, to prevent
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also as an immunomodulator.
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cells, we measured the abundance of surface angiotensin-II type 1
receptors (AT1R) and angjotensin converting enzyme-1 (ACE-1)
on splenic and peritoneal neutrophils (CD11b*/Ly6G*) and
monocytes (CD11b*"/Ly6G~/MHCII /Ly6C"). ATIR expres-
sion on innate immune cells was higher after CLP (87 Appendix,
Fig. S1). In the spleen, ATIR expression was progressively higher
at each time point post-CLP on neutrophils (B = 66%/d
[95%CI: 41 to 91%/d], P < 0.0001) and inflammatory (i.e.,
Ly6C™) monocytes (B = 74%/d [27 to 121%/d], P = 0.0042).
In the peritoneum, similar findings were observed on neutrophils
(P = 0.0250) at 24 and 72 h post-CLP and at all post-CLP time
points on inflammatory monocytes (P = 0.0462).

In contrast to previous studies of localized infection (17), we
did not observe higher ACE-1 expression on neutrophils or
inflammatory monocytes at later time points after CLP. Rather,
at each post-CLP time point, there was progressively lower
ACE-1 expression on splenic neutrophils (f = —15%/d [—4 to
—26%], P = 0.0118) (SI Appendix, Fig. S1). In splenic inflam-
matory monocytes, post-CLP ACE-1 expression did not sig-
nificantly differ from time 0 (7;) although variability was
markedly greater. In the peritoneum, inflammatory monocyte
ACE-1 expression followed a biphasic pattern where expression

was higher at 24 h and lower by 72 h. In peritoneal neutro-
phils, ACE-1 expression over time trended similarly to that in
peritoneal inflammatory monocytes but differences versus 7g
were not statistically significant.

Angiotensin-Il Alters the Immune Response to CLP. The altered
leukocyte AT1R and ACE-1 expression suggested that exoge-
nous angiotensin-II treatment might affect the innate immune
response to CLP. Therefore, we measured serum cytokine levels
at 24 and 48 h post-CLP in mice treated with perioperatively
initiated intraperitoneal angiotensin-II. At 24 h post-CLP, lev-
els of TNF-a, IL-6, IL-1p, interferon (IFN)-y—induced protein
10 (IP-10), MIP-1a, MIP-1B, and IL-10 increased (Fig. 1).
Compared to vehicle-treated mice, however, angiotensin-II-
treated mice had significantly higher levels of TNF-a (P =
0.0340), IP-10 (P2 = 0.0128), MIP-1a (P = 0.0018), and MIP-13
(P =0.0019) at the 24-h post-CLP time point. Addition of the
selective AT1R antagonist, losartan, to angiotensin-II was asso-
ciated with levels that were statistically indistinguishable from
vehicle alone, suggesting that the effect of angiotensin-II depended
on ATIR. At 24 h post-CLP, elevatdons in IL-6, IL-1f, and
IL-10 were similar among the three groups.
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CLP. The y axis displays cytokine concentrations on a log, scale. Dots represent individual mice, horizontal bars represent group median, box height repre-
sents interquartile range, error bars represent range. Asterisks indicate the (multiple comparison-adjusted) P values vs. the control (vehicle) group at the
indicated time point as follows: ns, P > 0.05; *P < 0.05. **P < 0.005; ***P < 0.0005; ****P < 0.0001. Daggers indicate the (multiple comparison adjusted)
P values for the indicated treatment group at 48 h vs. the respectively treated group at 24 h post-CLP as follows: 'P < 0.05, "'P < 0.005; "*P < 0.0005,
Tp < 0.0001. The P value for the overall interaction effect of time with treatment group is displayed below each graph.
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Angiotensin-II treatment significantly abrogated increases
from 24 to 48 h post-CLP in the levels of several cytokines,
iﬂCluding TNF-a (Pinterac(ion < 00001): IFN"Y (])interaction <
00001)’ IL‘IB (])intcraction = 00092)9 and IL-10 (I)interaction =
0.0003) (Fig. 1). Similarly, among angiotensin-II-treated mice,
the initially marked elevations in IL-6 levels were significantly
lower at 48 h compared to both vehicle alone at 48 h and
angiotensin-II at 24 h (Fig. 1). While IL-6 levels were signifi-
cantly lower at 48 h vs. 24 h post-CLP for the angiotensin-II
animals, there was no difference between time points in
IL-6 levels for vehicle treatment (Piieraction = 0.0404). These
angiotensin-II effects depended on ATIR, as they were abol-
ished by addition of losartan. In summary, angiotensin-II treat-
ment was associated with proinflammatory cytokine levels that
were higher at 24 h post-CLP, but lower at 48 h post-CLP.

To further understand the effects of angiotensin-II on
immune responses to CLP, we determined the abundance of
innate leukocyte populations, evaluating peritoneal cells as indi-
cators of the local response in the infected compartment and
splenic cells as indicators of systemic processes. At 24 h post-
CLP, the numbers of neutrophils, macrophages (i.e., CD11b*/
Ly6G /MHCII /CD64"), Ly6C™" inflammatory monocytes
(CD11b*/Ly6G~/MHCII /CD64 /Ly6C™), and Ly6C™®
monocytes (CD11b*/Ly6G~/MHCII™ /CD64 /Ly6C™°) were
significantly higher than baseline and were similar in the three
treatment groups (SI Appendix, Fig. S2).

At 48 h post-CLP, although the numbers of peritoneal
macrophages (Pieraction = 0.0005), inflammatory monocytes
(I)intcraction = 00003)9 and neutrophils (I)intcraction = 00468)9
but not Ly6CL° monocytes (Pperaction = 0.58), remained sig-
nificantly above baseline levels in all treatment groups,
angiotensin-II-treated mice had significantly higher cell counts
than vehicle alone. These differences associated with angiotensin-II
treatment were, again, abrogated by addition of losartan, indicat-
ing dependence on ATIR signaling. Both monocyte-derived and
CD11c* dendritic cell numbers were, again, similar among all
groups.

Angiotensin-Il Enhances Bacterial Clearance in Peritoneal
Fluid and Blood through AT1R-Dependent Signaling. To test
whether angiotensin-II treatment impacted clearance of infec-
tion, we measured bacterial counts in peritoneal lavage fluid
and blood cultures collected 48 h post-CLP. Compared to
vehicle, angiotensin-II—treated mice had significantly lower
CLP-induced bacterial counts in both blood (A,,c.n: —3.7 log-
CFUs, 95%CI: —5.7 to —1.7, P = 0.0002) and peritoneal
fluid (Apean: —3.0 log-CFUs, 95%CIL: —5.5 to —0.4, P =
0.0169) (Fig. 2). This difference was not present in either
blood (A ean: 2.5, log-CFUs, 95%CI: 0.2 to 4.9, P = 0.0321)
or peritoneal fluid (Apean: 4.1, log-CFUs, 95%CI: 1.1 to 7.1,
P = 0.0051) in animals where angiotensin and losartan were
coadministered, indicating the observed effect of angiotensin-II
was dependent on AT1R. The same pattern was seen for blood
cultures obtained 24 h post-CLP (SI Appendix, Fig. S3). Perito-
neal cultures from this timepoint showed only the angiotensin-
II group had a significant reduction in peritoneal bacterial
counts from 24 to 48 h postoperatively (S7 Appendix, Fig. S3).
We assessed whether the observed angiotensin-II-dependent
increases in serum chemokines and some peritoneal innate cells
might be due to its known prochemotaxis effects (10, 12, 18),
specifically testing whether the post-CLP increase in leukocyte
abundance might reflect a direct chemotactic effect of intraperi-
toneal angiotensin-II. However, when we infused angiotensin-
II subcutaneously (i.e., in a compartment remote from the site
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of infection) bacterial counts were statistically equivalent to
those upon intraperitoneal angiotensin-II infusion for both
peritoneal lavage fluid (Aean: 0.6 log-CFUs, 95%CI: —2.2
to 3.3, P = 0.14) and blood cultures (A eun: 1.7 log-CFUs,
95%CI: —0.4 to 3.7, P = 0.96) (Fig. 2). Thus, infusing
angiotensin-II in a body compartment remote from the site of
infection did not reverse the effect of treatment on bacterial
clearance.

Angiotensin-lIl Has No Direct Antimicrobial Activity. To deter-
mine whether direct antibacterial activity explained the effects
of angjotensin-II on bacterial numbers in blood or peritoneum
following CLP, we performed Kirby—Bauer disk diffusion test-
ing using several different doses of angiotensin-II. We saw
marked radial clearing surrounding ampicillin and imipenem
controls, but angiotensin-containing disks did not affect bacte-

rial growth (87 Appendix, Fig. S4).

Myeloid-Lineage Cells Mediate AT1R-Dependent Effects of
Angiotensin-ll on Bacterial Clearance after CLP. Because
myeloid-lineage leukocytes (i.e., macrophages, neutrophils, and
monocytes) express AT1R, these cell types could mediate the
AT1R-dependent effect of angiotensin-II on bacterial burden
in CLP. To test this, CLP with or without angiotensin-II treat-
ment was performed in LysMCre(+)/A T1aR™ (Myeloid-
AT1a™) mice, which do not express AT1R on myeloid-derived
cells. To simultaneously test whether the findings were inde-
pendently reproducible, these studies were performed in an
independent laboratory. Myeloid specificity of the knockout
model was previously demonstrated (19), and genetics were
confirmed for all animals.

Among the Myeloid-AT1a" group, angiotensin-II-treated
mice displayed significantly lower blood bacterial counts than
untreated mice at 24 h post-CLP (3.4 vs. 8.7 log-CFUs, A can:
—5.3, 95%CI: —8.4 to —2.2, P = 0.0013). In contrast, the
Myeloid-AT1a™ group demonstrated no difference in blood
bacterial counts with angiotensin-II treatment (6.2 vs. 6.1 log-
CFUs, Acan: 0.1, 95%CIL: —4.2 to 4.4) with a statistically
significant interaction-effect between groups (difference-in-
difference: —5.4 log-CFUs, P eraciion = 0.0397) (Fig. 3), indi-
cating that the effect of angiotensin-II depended on ATIR.
The trend was similar for peritoneal cultures, with Myeloid-
AT1a"* mice displaying significantly lower bacterial counts with
angiotensin-II treatment (7.9 vs. 11.1 log-CFUs, A can: —3.2,
95%ClI: —5.7 to —0.7, P = 0.0124), which was dependent on
the presence of ATIR, as Myeloid-AT1a™ mice did not show
lower peritoneal bacterial counts with angiotensin-II treatment
(9.9 vs. 10.2 log-CFUs, Ajean: —0.3, 95%CI: —4.0 to 3.0);
however, for peritoneal cultures, the interaction effect for
angiotensin-II treatment between genotypes was not statistically
significant (difference-in-difference: —2.9, P eraction = 0.18)
(Fig. 3). In addition to confirming the external reproducibility
of our prior experiments, these findings indicate that the effect
of angiotensin-II on blood bacterial burden was dependent on
myeloid-lineage leukocytes that express AT1R.

Angiotensin-Il Enhances Innate Cell Phagocytosis and
Modulates Reactive Oxygen Species Production in Response
to Lipopolysaccharide Stimulation via AT1R in CLP. To investi-
gate possible mechanisms for angiotensin-II’s effect on bacterial
burden in CLP, we measured phagocytosis performed by innate
cells isolated from spleen 48 h post-CLP, with and without ex
vivo lipopolysaccharide (LPS) stimulation. In the absence of
LPS stimulation, angiotensin-II treatment did not significantly
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Fig. 2. Angiotensin-Il decreases bacterial growth in peritoneal and blood cultures in an AT1R-dependent manner 48-h after CLP. (Top) Images display repre-
sentative peritoneal culture plates from each of the treatment groups. (Middle) Graphs display bacterial counts in treatment groups and T, mice. The y axis
displays bacterial counts on a natural log scale. Dots represent individual mice, horizontal bars represent group median, box height represents interquartile
range, error bars represent range. Asterisks indicate the (multiple comparison-adjusted) P values vs. the control (vehicle) group as follows: ns, P > 0.05;
*P < 0.05; **P < 0.005; ***P < 0.0005. White boxes below each box display the overall group mean. (Bottom) Table summarizes interventions for each graph
column. Abbreviations: A-ll, angiotensin-II; IP, intraperitoneal; Ln(CFUs), natural log of colony forming units; Losar, losartan.

alter the proportion of neutrophils or monocytes obtained
from either baseline or post-CLP mice that had phagocytosed
IgG-conjugated fluorescently tagged beads. However, when
stimulated by LPS, the proportion of neutrophils that had
phagocytosed beads was 1.5-fold higher with angiotensin-II
treatment vs. vehicle in both baseline (P = 0.0011) and post-
CLP (P = 0.0001) (Fig. 4). Losartan treatment prevented the
increased phagocytosis observed with angiotensin-II treatment
(P < 0.0001). Additionally, median fluorescence intensity was
highest in the angiotensin-II-treated cells, indicating a higher
degree of phagocytosis per cell (SI Appendix, Fig. S5). In con-
trast, angiotensin-II treatment induced a similarly higher mono-
cyte fraction to perform phagocytosis after CLP (P = 0.0003) but
did not significantly alter phagocytosis by these cells in baseline ani-
mals (P = 0.12). Losartan again reversed the angjotensin-II-induced
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increase in monocyte phagocytosis post-CLP (P = 0.0390). These
results indicate that angiotensin-II promotes innate immune
phagocytosis in response to LPS stimulation through AT1R.

In the absence of ex vivo LPS stimulation, monocyte reactive
oxygen species (ROS) production was not significantly higher
in angiotensin-treated mice versus mice that received vehicle
(P = 0.49) or angiotensin-II with losartan (P = 0.68) (Fig. 4).
However, whereas monocytes from vehicle-treated or losartan-
treated mice did not increase ROS production in response to
LPS, LPS-stimulated monocytes from angiotensin-II-treated
mice had significantly higher ROS levels than unstimulated
monocytes (P = 0.0226). Neutrophils did not significantly
increase ROS production after LPS stimulation in any of the
three groups, but overall neutrophil ROS levels were signifi-
cantly higher in the angiotensin-II group versus both controls.

pnas.org
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Fig. 3. AT1R deletion from myeloid-lineage leukocytes reverses the effect
of angiotensin-Il treatment to reduce blood culture growth 24 h post-CLP.
(A-C) Bacterial counts by treatment and genotype. LysMCre* and LysMCre
designate the Myeloid-AT1a~ and Myeloid-AT1a* genotypes, respectively.
The y axis displays bacterial counts on a natural log scale. Dots represent
individual mice, horizontal bars indicate the group median, box height repre-
sents the interquartile range, error bars represent the range. The Pinteraction
indicates the interaction effect P value for the difference-in-difference:
That is, a significant interaction effect indicates the difference between
angiotensin-I| treated and untreated mice within the Myeloid-AT1a™~ group is
significantly different from the difference between treated and untreated
mice in the Myeloid-AT1a* group.

These results indicate that after CLP, angiotensin-II does not
increase basal monocytic ROS production, but does increase
monocyte ROS in the presence of bacterial stimulus.

Angiotensin-ll Attenuates CLP-Induced Metabolic Disturbance.
To interrogate whether benefits from angiotensin-II enhance-
ment of immune function after CLP were offset by increased
inflammatory injury, we measured markers of organ dysfunc-
tion and clinical status. Consistent with our previous studies
(20), angiotensin-II treatment reduced kidney injury molecule-1
(KIM-1) levels compared to vehicle and losartan controls (S7
Appendix, Fig. S6), indicating decreased renal injury after CLP.
Additionally, no increased trafficking of neutrophils or mono-
cytes to kidney with angiotensin-II treatment was observed (57
Appendix, Fig. S7). Angiotensin-II significantly attenuated CLP-
induced hypernatremia and hypocalcemia (S Appendix, Fig. S6).
Echocardiography showed no reduction in left ventricular ejec-
tion fraction or fractional shortening with angiotensin-II versus
vehicle treatment (SI Appendix, Fig. S6). Furthermore, when
murine sepsis scores were determined by a blinded assessor, the
angiotensin-1I group appeared holistically less ill than vehicle and
angiotensin-1I plus losartan groups (SI Appendix, Fig. S6). Over-
all, these data indicate that increased innate immune function
induced by angiotensin-II in CLP is not associated with greater
organ dysfunction or injury.

Peritoneal and Blood Bacterial Counts Post-CLP Are Higher
with Norepinephrine than Angiotensin-lIl. Previous studies
indicate that norepinephrine, the vasopressor most often used
to treat septic shock, is immunosuppressive (5). Therefore, we
measured bacterial counts 48 h post-CLP in mice treated with
intraperitoneally infused norepinephrine and compared the
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results to animals that received angiotensin-II. Angiotensin-
II-treated mice displayed significantly lower bacterial counts in
blood (A pean: 2.6 log-CFUs, 95%CI: 0.9 to 4.3, P = 0.0014)
and in peritoneal fluid (A e.n: 2.5 log-CFUs, 95%CI: 0.2 to
4.8, P = 0.0280) compared to norepinephrine-treated mice.
Counts in the norepinephrine group were not significantly dif-
ferent from those for animals treated with vehicle alone (blood,
A eant 0.7 log-CFUs, 95%CI: —1.1 to 2.5, P = 0.65; perito-
neal fluid, Ae.n: 0.8 log-CFUs, 95%CIL: —1.6 to 3.3, P =
0.79) (Fig. 5).

Discussion

Angiotensin-II treatment increased bacterial clearance and
modulated the host immune response after CLP. This effect of
angiotensin-II, not previously described in sepsis or CLP, was
not seen in norepinephrine-treated mice. Pharmacologic AT1R
antagonism reversed the effect of angiotensin-II in CLP, and
selective AT1R deletion in myeloid-lineage leukocytes abrogated
the effect of angiotensin-II on bacteremia burden in CLP, indi-
cating that the observed angiotensin-II-mediated innate immune
effects were dependent on AT1R. Angiotensin-II, through AT1R,
augmented innate phagocytosis as well as monocytic ROS produc-
tion after LPS-stimulation but did not increase organ injury.

Angiotensin-II is FDA-approved for the treatment of hypoten-
sion in catecholamine-refractory distributive shock and sepsis
(21). When administered at clinically relevant doses to mice
undergoing CLP, we found that angiotensin-II treatment was
reproducibly associated with increased bacterial clearance from
both the peritoneal cavity and the blood (Fig. 2). Selective
knockout from myeloid-lineage cells of AT1R, the angiotensin-II
type 1 receptor, abrogated the effect of angiotensin-II on bacter-
emia post-CLP, indicating that the effect of angiotensin-II
depended on this receptor on myeloid cells (Fig. 3). The effect of
angiotensin-II on bacterial burden was also abrogated by coadmi-
nistering losartan, an AT1R blocker, further indicating that the
effect was mediated through ATIR (Fig. 2). Angiotensin-II,
again through ATIR, increased monocyte phagocytosis and
ROS production but only in the presence of LPS: unstimulated
monocyte phagocytosis and ROS levels were unaffected (Fig. 5).
We did not observe increased innate cells trafficking to kidney,
nor any increase in organ dysfunction. In fact, several physiologic
measures were improved in this study, and we previously showed
angiotensin-II markedly attenuates renal dysfunction after CLP
via ATIR (20). Together, these results suggest angiotensin-II
enhances myeloid bacterial clearance through AT1R by promot-
ing phagocytosis and ROS production in the presence of a bacte-
rial stimulus.

Our findings also indicate that angiotensin-II alters the sys-
temic inflammatory response after CLP through ATIR signal-
ing. Extensive literature documents the proinflammatory effects
of angiotensin-II in chronic disease states, including renal
hypertension and atherosclerosis (22). Similarly, AT1R block-
ade decreases inflammatory cytokines and organ injury in acute
sterile inflammation (11, 23). However, our data indicate that
describing angiotensin-II infusion in CLP as “proinflammatory”
is overly simplistic. While angiotensin-II increased serum levels
of several proinflammatory type 1 cytokines at 24 h post-CLP,
angiotensin-1I reduced TNF-a, IL-6, and IL-1f levels by 48 h
post-CLP in an AT1R-dependent fashion (Fig. 1). These find-
ings are consistent with prior studies that report ATIR deletion
from kidney macrophages and CD4" T lymphocytes increases
rather than suppresses production of these and other inflamma-
tory cytokines (19, 24, 25). A similar phenomenon was noted in
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Fig. 4. Angiotensin-Il enhances ex vivo phagocytosis and ROS production in response to LPS stimulation after CLP via AT1R. (A and B) Ex vivo phagocytosis
with and without LPS stimulation. They y axis indicates the proportion of the indicated cell type positive for having phagocytized fluorescent-tagged 1gG-
conjugated beads. Bar height indicates mean, error bars the SD. Individual dots represent the average of the technical replicates for each biological
replicate. Asterisks indicate the (multiple comparison adjusted) P values vs. the angiotensin-Il group as follows: ns, P > 0.05; *P < 0.05; **P < 0.005; ***P <
0.0005; ****P < 0.0001. (C and D) Ex vivo ROS levels with and without LPS stimulation in splenic cells isolated post-CLP. Bar height indicates interquartile
range, error bar height indicates the range. The horizontal black lines indicate the median. Each dot represents the average of the technical replicates for an
individual biological replicate. Asterisks above the bars indicate the (multiple comparison-adjusted) P values for LPS stimulated vs. unstimulated as follows:
ns, P > 0.05; *P < 0.05. The “#” symbols indicates P values for the difference between the indicated treatment groups without LPS stimulation (*P < 0.05)
while “A” symbols indicate P values for the difference between the indicated treatment groups with LPS stimulation (AP < 0.05; AP < 0.005).

Agtrlaf/f bone marrow chimeras (26). In bovine bacteremia,
angiotensin-II—treated animals displayed lower levels of both
IL-6 and IL-10 versus vehicle-treated controls (27). In our study,
mice that received angiotensin-II alone displayed no elevations in
IFN-y, a cytokine that we and others have shown to be an
important mediator of tissue autoinjury in the acute response to
systemic inflammatory stimulus (28)(29). One interpretation of
the serum cytokine levels is that angiotensin-II alters the kinetics
of the inflammatory response to CLP, initially augmenting and
subsequently limiting systemic inflammation, promoting inidal
bacterial defense, and limiting subsequent collateral organ dys-
function. Angjotensin-II’s effect to increase innate phagocytosis
and ROS production specifically after LPS stimulation, and the
absence of increased organ injury with angiotensin-II treatment
support this notion. Given that high cytokine levels are maladap-
tive in the absence of a pathogen, such an effect would be teleo-
logically beneficial. Alternatively, or in addition, the delayed
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decrement in cytokines could result from earlier augmentation of
pathogen clearance and the associated reduction in bacterial stim-
uli. The latter interpretation is consistent with the observation
that bacterial counts were lower at 48 h vs. 24 h post-CLP
among angiotensin-II-treated mice but not among controls (87
Appendix, Fig. S3).

Angiotensin-II treatment altered the distribution of innate
leukocytes in the peritoneal cavity. By 48 h post-CLP, angio-
tensin-II-treated mice displayed markedly higher numbers of
neutrophils, macrophages, and Ly6C™" (inflammatory and anti-
microbial) monocytes but not Ly6C™ (so called “patrolling”)
monocytes or CD11c* dendritic antigen-presenting cells. The
increased inflammatory leukocyte abundance seems most likely
to represent an epiphenomenon of the known chemotactic
effects of angiotensin-II (10, 12), rather than a mechanism of
bacterial clearance. Given that infusing angiotensin-II subcuta-
neously (i.e., outside the infected body compartment) delivered
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a similar change in peritoneal bacterial counts, a purely chemotac-
tic effect is less likely than a systemically mediated one. Instead, as
suggested by the effect on monocyte and neutrophil phagocytosis
and ROS production, angiotensin-II appears to augment processes
directly related to bacterial killing after CLP.

For the following reasons, differences in bacterial burden
with angiotensin-II treatment are unlikely to result from the
hormone’s cardiovascular effects. First, Myeloid-AT1a™ mice
lack myeloid ATIR responsiveness to angiotensin-II but still
express AT1R on vascular cells, corroborated by the normal
blood pressure response to angiotensin-II in these animals (19).
Second, treatment with another vasopressor, norepinephrine,
was not associated with enhanced bacterial clearance (Fig. 4).
Third, coadministration of losartan with angiotensin-II in CLP
does not induce ischemic injury in the kidneys (20), which are
among the most physiologically sensitive organs to hypoper-
fusion. Yet, losartan was sufficient to reverse the effects of
angiotensin-II on bacterial burden post-CLP (Fig. 4). Finally,
we observed increased phagocytosis by LPS-stimulated innate
cells that were treated with ex vivo angiotensin-II, which can-
not influence systemic perfusion.

In contrast to our observation that angiotensin-II induced an
AT1R-dependent increase in bacterial clearance, Khan et al.
(17) identified an ATI1R-independent neutrophil ACE-1-
dependent enhancement in bacterial clearance. A similar effect
is reported in myeloid-lineage monocytes (30). These findings,
together with the present study, indicate that both systemic
angiotensin-II and myeloid leukocyte-bound ACE-1 promote
defense against pathogens and do so via distinct mechanisms.

An effect of angiotensin-II to promote pathogen clearance
could have broad clinical implications. Early and effective source-
control is a critical element of resuscitation for sepsis (31). We
found angiotensin-II-treated mice had substantially lower blood
and peritoneal bacterial burdens early after CLP than those
treated with norepinephrine. Consistent with this observation,
prior studies found that norepinephrine treatment increased bac-
terial dissemination in CLP and suppressed immune function in
human sepsis (5, 6). Sepsis-induced immunosuppression is an
increasingly recognized clinical entity with poor prognostic
implications (3). More than one in five sepsis patients surviving

PNAS 2022 Vol. 119 No.34 2211370119

to hospital discharge will be readmitted within 30 d (32). Nearly
half of these admissions are for new or recurrent infection (33).
Recent studies identified strongly up-regulated immunosuppres-
sive monocyte expression programs in early clinical sepsis vs.
nonseptic infection (34). Notably, these immunosuppressive
monocytes are inducible ex vivo through IL-6 and IL-10 stimula-
tion (35). We found that at 48 h post-CLP, these two cytokines
were suppressed by angiotensin-II, raising the possibility that
angiotensin-II-associated enhancement of bacterial clearance is
mediated by modulation of the abundance of specific immuno-
suppressive and immunopotentiating immune cell subsets.

The efficacy of norepinephrine as a vasopressor has long
driven its use to treat fluid-refractory hypotension in sepsis. For
this reason, current clinical guidelines continue to recommend
norepinephrine as the first-line vasopressor in septic shock (36).
However, in a prespecified analysis of the ATHOS-III trial
(37), a large subset of patients—identified by elevated plasma
renin levels at enrollment—demonstrated both a robust hemo-
dynamic response to angiotensin-II vasopressor therapy and
increased survival (38). Post hoc analyses of the trial found that
angiotensin-II treatment decreased mortality both in patients
with ACE-1 dysfunction and in patients with acute renal failure
at enrollment (39, 40). Our study identifies immunologic
effects that could also contribute to advantages of angiotensin-
II over norepinephrine in appropriately selected patients with
septic shock.

Our study has important limitations. First, we studied only
the first 48 h post-CLP. While clinically identified immuno-
suppressive monocyte programs up-regulate early in disease
course (34), in sepsis, immunosuppression develops over time
(3). Although CLP has well-documented limitations as a model
of clinical sepsis (41, 42), it also has key advantages over many
other sepsis models used in rodents and more reliably recapitu-
lates several aspects of human disease (43-45). Extrapolating
rodent immunology to human disease has limitations (41), as
laboratory rodents possess perfunctory T cell repertoires com-
pared to feral mice (42). An additional limitation is that treat-
ment began at the end of surgery, whereas clinical treatment is
often delayed of several hours from the onset of infection. Fur-
thermore, while administering antibiotics would have increased
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clinical relevance, it would have substantially interfered with
bacterial culture growth (43), a critical experimental measure-
ment. Additionally, while we characterize the reduction in bacte-
rial counts with angiotensin-II treatment after CLP as enhanced
clearance, we did not measure pre-CLP bacterial levels. While we
cannot conclusively exclude pretreatment differences in bacterial
burden in blood or peritoneum, both compartments are sterile
under physiologic conditions; explanations for reduced bacterial
counts that do not invoke clearance are therefore far less likely.

Additional laboratory investigations into the specific molecular
pathways that mediate angiotensin-IIs effect to promote phago-
cytosis and bacterial clearance after CLP would be welcomed.
Furthermore, before the present results may be translated to
the bedside, clinical studies should interrogate the effect of
angiotensin-Il on immune function in patients with sepsis.
Specifically, embedding these inquiries within a clinical trial test-
ing the effect of angiotensin-II treatment in septic shock on
patient-centered outcomes, such as shock resolution, recovery of
organ function, intensive care unit length-of-stay, and mortality
would yield the highest impact for biological understanding and
patient care.

Conclusion. Angiotensin-II treatment augmented the systemic
immune response and enhanced systemic and local bacterial
clearance after CLP in an AT1R-dependent manner. In the blood
compartment, this effect was mediated through the myeloid-
specific AT1R. Given the high mortality and morbidity of septic
shock, its dominant treatment with norepinephrine for hemody-
namic support, and the observation that angiotensin-II treatment
increased bacterial clearance compared to norepinephrine treat-
ment, these findings suggest the immunomodulatory properties of
angiotensin-II warrant further exploration in clinical sepsis.

Methods

Ethics Statement Regarding Animal and Human Experiments. All animal
studies were approved by the Institutional Animal Care and Use Committee and
adhered to NIH guidelines as well as "Animal research: Reporting in vivo experi-
ments: The ARRIVE guidelines” criteria (44).

study Design. This was an animal study conducted in four randomized cohorts.
Each set of cohort experiments was performed three times. In the first descriptive
cohort, untreated mice were a priori randomized to a time of killing-0, 24, 48,
or 72 h-before undergoing CLP. In a second interventional cohort, mice under-
going CLP were randomized to treatment at the time of CLP to explore the
effects of pharmacologic RAS modulation on immune function. In a third
independent laboratory cohort, mice that selectively do not express AT1R on
myeloid-derived cells and littermate controls were randomized to angiotensin-Il
or nontreatment to confirm results from the above experiments and to interro-
gate the cell-specific mechanisms. Finally, a fourth interventional cohort random-
ized mice undergoing CLP to a vasopressor therapy to compare the effects of
angiotensin-Il vs. norepinephrine.

No prior sample-size calculations were performed. Sample size was deter-
mined to be adequate based on the degree and consistency of differences
between groups. The number of biological replicates are indicated in each
figure. All ELISAs report each data point as the average of three technical
replicates. Individual mice (the biological replicates) were the unit of analysis
throughout. Investigators were blinded during experiments, as described below.

Mice. Male C57BL/6 mice aged 12 to 14 wk (Jackson Labs) were maintained in
a conventional, light-cycled facility. To obtain mice that lack AT1R exclusively on
myeloid cells, we used an established breeding strategy to generate myeloid-
specific deletion of AT1a (19). Briefly, first-step breeding crossed LysM-Cre(+)
with AT7a"" mice to generate LysM-Cre(+)/AT1a™"" progeny. Second-step
breeding crossed first-step progeny with AT7a™" mice [LysM-Cre(+)/AT1a™" x
AT18"™) to generate LysM-Cre(+)/AT1a™ progeny. The final, experimental
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breeding step crossed second-step progeny with AT7a™" [LysM-Cre(+)/AT1a™" x
AT1a"™)_ All final-step progeny therefore express the floxed AT7a gene and are
either LysM-Cre(—) or LysM-Cre(+). This strategy ensures all LysM-Cre(+) prog-
eny are heterozygous in the LysM allele, which was verified by genotyping, in
order to avoid a homozygous deficiency in the lysozyme M gene, which could
otherwise affect bacterial clearance (45).

cLP. CLP surgeries were performed by an author, blinded to treatment alloca-
tion, as previously described (20, 46). Briefly, mice underwent laparotomy under
isoflurane. The cecum was ligated, double-punctured with a 22-gauge needle,
and returned to the peritoneum. Mice were allowed to recover and resuscitated
with subcutaneous 0.9% saline (50 mUkg) immediately following surgery and
again at 24 h postintervention. Experiments at both the study sites adhered to a
common CLP protocol.

In the descriptive cohort (Laboratory 1), all mice underwent CLP without treat-
ment and were killed at the prespecified time (0, 24, 48, or 72 h postsurgery).
Two interventional cohorts (Laboratory 1) randomized mice to treatment as
below. In the independent laboratory cohort (Laboratory 2), Myeloid-AT1a™ and
littermate control mice were simultaneously randomized to CLP with or without
angiotensin-l treatment and were killed 24 h postsurgery.

Study Drugs. To determine whether angiotensin-ll altered the immune
response to CLP, we allocated mice to four treatments: angiotensin-l given intra-
peritoneally, angiotensin-Il intraperitoneally + losartan (a selective AT1R antago-
nist), angiotensin-Il given subcutaneously, or vehicle. Synthetic angiotensin-Il
(La Jolla Pharmaceuticals) was diluted in 0.9% saline and infused continuously
(10 ng/kg/min at 1 pl/h) (20) using intraperitoneal micro-osmotic pumps (Alzet
1003D, ALZET Osmotic Pumps). Infusion pumps were implanted immediately
prior to fascial closure. Control mice had vehicle-infusing pumps implanted.
Pumps were primed for 6 h to ensure a constant infusion rate beginning at the
time of implantation. We administered losartan (15 mg/kg subcutaneously) at
the time of surgery and again 24 h later. We additionally included a group of
mice who received subcutaneous angiotensin-Il to help determine if the effects
of angiotensin-Il were mediated by locally induced chemotaxis or systemic
effects. Unoperated mice sewviced as additional controls.

For experiments in AT1a Myeloid-AT1a* and Myeloid-AT1a~ mice, angiotensin-I
(Sigma Aldrich) was diluted in 0.9% saline and infused continuously (300 ng/kg/min
at 1 pl/h) (47) using intraperitoneal micro-osmotic pumps (Alzet 1003D, ALZET
Osmotic Pumps) implanted as above.

To determine if the effects of angiotensin-Il on the immune response to CLP
differed from that of other clinically relevant vasopressors, we allocated mice to
either norepinephrine intraperitoneally (Sigma Aldrich, 0.1 pg/kg/min at 1 ul/h)
vs. angiotensin-l or vehicle as above.

Post-CLP and Terminal Point Procedures. Blinding of treatment allocation
was maintained for post-CLP procedures. After killing, the peritoneum was
washed with 5 mL of sterile PBS. The lavage was collected in a sterile receptacle.
After vortexing, 20 pl of lavage was diluted to 1:10,000, plated onto solid
media, and incubated overnight at 37 °C. The remaining lavage was processed
and stained for flow cytometry. After incubation, bacterial colonies on each plate
were counted using plate-counting software (OpenCFU) with standardized sensi-
tivity settings.

Spleens were collected, immediately weighed, and subjected to digestion
with DNase (100 pg/mL) and Collagenase A (1 mg/mL) in complete media for
30 min at 37 °C. Cells were resuspended following filtration through a 70-um
filter. Red blood cells were lysed. Spleen and peritoneal cells were then counted
using a Countess-ll Automated Cell Counter (ThermoFisher).

Blood was obtained by cardiac puncture at the time of killing. Twenty microli-
ters of blood were diluted and cultured as above. The rest was spun for serum
and frozen.

Flow Cytometry. After single-cell suspensions were obtained, cells were
stained without permeabilization for flow cytometry. We used LIVE/DEAD fixable
viability dye (Life Technologies) and the fluorophore-conjugated antibodies as
described in detail in S/ Appendix, Table S1. Flow cytometric data were obtained
from a BD LSR Fortessa 16-color cell analyzer and analyzed using FlowJo v10
(BD Bioscience). Gating strategies are listed in figure captions. We illustrate gat-
ing strategies in S/ Appendix, Figs. S8 and S9.
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Phagocytosis and ROS Production. Splenic cells were homogenized into a
single-cell suspension and incubated for 3 h in complete media with or without
LPS, along with fluorescently labeled IgG conjugated latex beads to assess for
phagogytosis. Following incubation, cells were labels for flow cytometry and per-
cent of cells that had phagocytosed-labeled beads as indicated by fluorescence
were assessed. In a separate assay, ROS levels were assessed as above with Cell-
Rox Green Reagent (5 uM; ThermoFisher) added 30 min prior to staining.

Ex Vivo Antibacterial Activity of Angiotensin-Il. We assessed whether
angiotensin-Il had ex vivo antibacterial activity using Kirby-Bauer disk diffusion
methods. Angiotensin-Il was dissolved in normal saline at either 0.1 pg/mL,
1.0 pg/mL, or 2.5 pg/mL. Control solutions were ampicillin at 0.8 pg/mL and
imipenem at 0.4 pg/mL. Filter-paper disks were then impregnated with 25 pl of
solution. Culture plates were then flooded with 2 mL of cecal aspirate, obtained
from an untreated mouse, 24 h post-CLP. Impregnated disks were then added
to plates, allowed to sit at room temperature for 2 h, and incubated overnight
at37°C.

Cytokine Analysis. Serum cytokine levels were measured by ELISA (Eve
Technologies). Targets of interest included TNF-a, IL-6, IL-1B, IFN-y, IL-10, IP-10,
MIP-1ar, MIP-1P.

Organ Dysfunction. To assess renal injury, we measured plasma KIM-1 levels
by ELISA (Eve Technologies). Cardiac function was interrogated with echocardiog-
raphy, performed (Vevo 3100, Fujifilm Visual Sonics) by a single, blinded, expe-
rienced cardiologist according to a standardized image acquisition protocol.
Images were obtained under isoflurane titrated to target a heart rate of 400
beats per minute to standardize anesthetic effects on cardiac function during
imaging. Standard two-dimensional (B-mode, M-mode), Doppler and pulsed-
tissue Doppler studies were performed. The B-mode parasternal long axis view
was used to measure end-diastolic volume, end-systolic volume, and ejection
fraction. The M-mode parastemal short-axis view was used to measure fractional
shortening. Blood sodium and ionized calcium levels were measured from
whole blood immediately upon collection using iStat Chem8+ cartridges, a
point-of-care measurement device (Abbott Point of Care Inc.) that has excellent
correlation (R? = 0.99) with clinical core laboratory values (48). Additionally,
blinded assessors recorded murine sepsis scores, which assign scores from 0 to
4 on the basis of appearance, behavior, and respiration. This score was specifi-
cally developed and validated in C57BL/6 sepsis models, including CLP: it shows
high intemal consistency, interrater reliability, and predictive accuracy for organ
dysfunction and mortality (49, 50).

statistical Analysis. Individual mice were the unit of analysis throughout.
Data distributions were assessed prior to statistical hypothesis testing and an
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appropriate transformation was applied if found to violate assumptions. Bacterial
counts were natural log-transformed for analysis. Group differences over multiple
time points were identified with generalized linear models. For analysis compar-
ing different treatment groups over multiple time points, models included terms
for treatment, time, and their interaction effect. Time was treated continuously or
categorically based on the observed data distribution. Figures indicate the
method used to correct for multiple comparisons. Analyses were conducted in
SAS: University Edition (SAS Institute) and figures were produced with Prism
v9 (GraphPad).

Data, Materials, and Software Availability. All study data are included in
the main text and S/ Appendiix.
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