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Late-stage anthrax infections are characterized by dysregulated
immune responses and hematogenous spread of Bacillus anthra-
cis, leading to extreme bacteremia, sepsis, multiple organ failure,
and, ultimately, death. Despite the bacterium being nonhemolytic,
some fulminant anthrax patients develop a secondary atypical he-
molytic uremic syndrome (aHUS) through unknown mechanisms.
We recapitulated the pathology in baboons challenged with cell
wall peptidoglycan (PGN), a polymeric, pathogen-associated molec-
ular pattern responsible for the hemostatic dysregulation in anthrax
sepsis. Similar to aHUS anthrax patients, PGN induces an initial he-
matocrit elevation followed by progressive hemolytic anemia and
associated renal failure. Etiologically, PGN induces erythrolysis
through direct excessive activation of all three complement path-
ways. Blunting terminal complement activation with a C5 neutral-
izing peptide prevented the progressive deposition of membrane
attack complexes on red blood cells (RBC) and subsequent intra-
vascular hemolysis, heme cytotoxicity, and acute kidney injury.
Importantly, C5 neutralization did not prevent immune recognition
of PGN and shifted the systemic inflammatory responses, consistent
with improved survival in sepsis. Whereas PGN-induced hemostatic
dysregulation was unchanged, C5 inhibition augmented fibrinolysis
and improved the thromboischemic resolution. Overall, our study
identifies PGN-driven complement activation as the pathologic mech-
anism underlying hemolytic anemia in anthrax and likely other gram-
positive infections in which PGN is abundantly represented. Neutral-
ization of terminal complement reactions reduces the hemolytic ure-
mic pathology induced by PGN and could alleviate heme cytotoxicity
and its associated kidney failure in gram-positive infections.

peptidoglycan | anthrax | complement | acute kidney injury | hemolysis

The spore-forming, gram-positive Bacillus anthracis (1) causes
a disease that mainly affects grazing herbivores. Whereas the

incidence of the natural anthrax in humans is low (2), the expansion
of the ecological niche (3), weaponization of anthrax spores (4), and
the horizontal transfer of virulence plasmids to related bacteria (5, 6)
increases the risk of pathogen exposure. If diagnosed early, anthrax
infections are efficiently treated with antibiotics. In contrast, the
fulminant disease stage is more refractory to therapeutics resulting
in high mortality (1). In addition, isolates of Bacillus cereus biovar
anthracis (Bcbva) promote anthrax pathology while displaying
Bacillus cereus antibiotic sensitivities (7, 8), raising the chance of
disastrous emergence of antibiotic resistant anthrax variants.
Anthrax progression is driven by virulence factors such as the

poly-γ-D-glutamate capsule (9) and anthrax toxins (10), which
support evading host immunity to cause systemic bacterial dis-
semination. The fulminant phase of the disease is characterized by
extreme bacteremia and sepsis pathophysiology including fever,
anomalous leukocyte counts, systemic inflammation, hemostatic

dysregulation, multiple organ failure, and death (11–13). Anthrax
sepsis is recapitulated in nonhuman primates (NHP) challenged
intravascularly with either B. anthracis (14) or the cell wall
peptidoglycan (PGN) devoid of any other bacterial PAMPs
(pathogen-associated molecular patterns) (15). Unlike anthrax
toxins, PGN induces anthrax-associated coagulopathy through
activation of both the extrinsic and intrinsic coagulation cascades
and consumption of natural inhibitors (15), promoting dissemi-
nated intravascular coagulation (DIC) pathology in fulminant
anthrax (16).
PGN is the major constituent of the cell wall of gram-positive

pathogens (17). It is a polymer of crosslinked linear glycans having
repeat disaccharide units of N-acetyl glucosamine and N-acetyl mur-
amic acid. PGN diversity relies on the heterogeneity of the cross-
linking peptide bridges and secondary carbohydrate modifications,
which modulate their recognition by immune receptors (18–20).
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Late-stage anthrax leads to sepsis, characterized by uncontrolled
host responses that contribute to organ damage and death. Using
a nonhuman primate model, we demonstrate that bacterial wall
peptidoglycan is the major trigger of complement activation.
Terminal complement activation products promote secondary
hemolytic uremic syndrome (HUS), characterized by hemolytic
anemia, toxic accumulation of iron in the kidneys, and subsequent
acute renal injury. Inhibition of C5 cleavage and subsequent for-
mation of the lytic terminal complex C5b-9 prevented intravas-
cular hemolysis and heme cytotoxicity and protected against
peptidoglycan-induced acute kidney failure. Overall, treatment
with C5 inhibitor significantly improved the survival of baboons
with sepsis, suggesting a potentially important strategy to treat
HUS secondary to gram-positive bacterial infections.
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We have extensively studied innate recognition of anthrax PGN
and the subsequent cellular immune responses. Anthrax PGN is
not recognized by surface Toll-like receptors (21) but rather in-
teracts with professional phagocytes through immunoglobulin and/
or C3 complement receptors (22–24). Optimal immune responses
require PGN internalization, lysosomal processing (25), and acti-
vation of intracellular NOD sensors (18, 19). PGN can also signal
through activating surface Fc receptors (22, 26). Anthrax PGN
induces proinflammatory and procoagulant responses in human
monocytes (25, 27, 28), degranulation, and inflammatory re-
sponses in neutrophils (24, 29) and platelet aggregation (23).
Furthermore, PGN activates blood coagulation in primates (15)
and the human complement cascade ex vivo (30). In NHPs, PGN
challenge recapitulates the pathophysiology of late-stage anthrax
sepsis including systemic inflammation, progressive coagulopathy,
imbalanced vascular permeability, multiple organ dysfunction, and
death (15). Since anthrax PGN is free of other PAMPs, these
studies therefore model sepsis caused by other clinically relevant
gram-positive pathogens.
Our study highlights the role of the terminal complement me-

diators in hemolysis-associated organ damage during late-stage
anthrax. While the bacterium is considered nonhemolytic in bac-
teriological tests (7), hemolytic anemia has been reported in both
inhalational (13) and cutaneous (31) anthrax patients. Because B.
anthracis does not secrete hemolysins, an earlier study proposed
that anthrax toxins initiate erythrolysis through an unknown
neutrophil mediated mechanism (32). The relevance of such a
mechanism for human pathology is questionable, however, since
hemolytic anemia was reported in patients treated with antibi-
otics (13, 31), which gradually decrease circulating toxin levels
(33). Here we show that NHPs challenged with anthrax PGN
elicit hematocrit dynamics similar to humans, with an initial el-
evation followed by progressive erythrolysis. The resulting heme
imbalance leads to toxic accumulation of iron in kidneys and
subsequent acute renal injury.
We previously reported that RA101295, a specific complement

C5 inhibitor, protects NHPs from a lethal Escherichia coli chal-
lenge (30). RA101295 is a small (∼2 kDa), 15–amino acid mac-
rocyclic peptide that binds to C5 with high affinity and specificity
and inhibits cleavage of C5 by the classical (CP), lectin (LP), or
alternative pathway (AP) C5 convertases, hence blocking the
generation of the bioactive split-products C5a and C5b as well as
C5b binding to complement component C6. This dual inhibitory
mechanism prevents both the generation of the potent C5a ana-
phylatoxin and the assembly of the terminal C5b-9 complement
complex. Treatment with RA101295 prevented the release of li-
popolysaccharide (LPS) after extracellular bacteriolysis and sub-
sequently reduced systemic inflammation, coagulopathy, and the
associated organ damage (30). Since C3 activation is important for
opsono-phagocytosis of vegetative B. anthracis (24) and its spores
(24, 34), we hypothesized that inhibition of the complement cas-
cade downstream of C3 activation, important for immune recog-
nition of PGN (24), could prevent complement driven pathologies
in gram-positive PGN sepsis without impairment of innate im-
mune responses. In this study, we show that RA101295 prevents
intravascular and extravascular hemolysis, reduces accumulation
of iron and pathologic deposition of C5b-9 terminal complement
complexes, and protects against multiple organ failure and death
in NHPs challenged with anthrax PGN.

Results
Effect of RA101295 on Clinical Signs of Sepsis in PGN-Challenged
Baboons. Fever, tachycardia, hypotension, and impaired blood oxy-
genation are more commonly observed in inhalational anthrax than
common respiratory infections (35). A similar symptomatology was
observed in PGN-challenged baboons. RA101295 treatment did
not change the core body temperature dynamics but slightly im-
proved the cardiopulmonary responses of the animals while under

anesthesia and prevented PGN-induced hypotensive shock (SI
Appendix, Fig. S1).

Effect of RA101295 on PGN-Induced Complement Activation. PGN
induced the activation of all three complement pathways in vivo,
CP, LP, and AP, as assessed by the pathway-specific residual
complement activities (Fig. 1A). One hour after the PGN infusion,
we observed a complete consumption of AP (3.26% residual AP
activity, P = 0.003, RM one-way ANOVA) and significant re-
duction in CP and LP residual activities (25.11% residual CP ac-
tivity, P = 0.0407, and 23.05% residual LP activity, P = 0.0313,
respectively). We conclude that PGN rapidly activates the com-
plement system leading to acute consumption of complement C3.
Roughly 50% complement activity was recovered for all three
pathways by 8 h post challenge, which likely reflects de novo C3
biosynthesis. AP recovery accelerates and reaches a maximum of
40% above T0 baseline at 48 h. CP showed a similar but delayed
recovery, returning to baseline potential by 48 h and 40% above
baseline by 72 h postchallenge. LP was the slowest to recover,
lingered at 50% activity for the first 48 h, and only returned to
baseline levels at 72 h postchallenge. The results suggest either a
slower biosynthesis of LP specific components or prolonged acti-
vation of LP.
The PGN challenge led to rapid elevation of complement

activation products, such as C3b, C5a, and sC5b-9, which peaked
as soon as 1 h after the PGN infusion (Fig. 1 B–D). RA101295
strongly decreased plasma C5a levels and completely abrogated
circulating sC5b-9 at all time-points (Fig. 1 C–D). As expected,
RA101295 did not inhibit C3 proteolysis, and we detected higher
levels of C3b in RA101295-treated baboons. Excessive comple-
ment activation led to pathologic deposition of the terminal C5b-9
complement complex (membrane attack complex, MAC) in host
tissues. We observed deposition on erythrocytes as early as 2 h
post PGN infusion and MAC accumulation in multiple peripheric
tissues collected at endpoint (Fig. 1E). RA101295 treatment sig-
nificantly reduced pathologic MAC deposition on host cells in all
animals enrolled in the study.

Effect of RA101295 on PGN-Induced Hemolysis.Anthrax patients usually
present with elevated hematocrit (>45%) (13, 35), which precipi-
tously decreases in hemolytic patients (13, 31) who then require
compensatory blood transfusions. PGN-challenged baboons dis-
played a rapid increase in erythrocyte counts, hematocrit, and he-
moglobin levels (Fig. 2 A–C), followed by a steady decrease of all
parameters within 8 to 72 h post challenge. While the hematocrit
elevation was not significantly different in the RA101295-treated,
PGN-challenged, baboons it was generally lower in the treated
group with only one animal showing ≥22% elevation. In contrast,
three of four PGN-challenged baboons showed hematocrit val-
ues ≥30% above baseline in the absence of treatment. During the
hemolytic stage of the challenge, the RA101295 inhibitor protected
against hemolysis and stabilized erythrocyte numbers at ∼80% of
baseline (Fig. 2B).
Concurrently, schistocytes, irregular shaped red blood cells

(RBC), and erythrocyte ghosts devoid of hemoglobin were detected
microscopically on peripheral blood smears collected 24 to 72 h post
PGN infusion. At later time-points, lysed and/or aggregated RBCs
were also observed (Fig. 2D). RA101295 reduced schistocytosis and
RBC aggregation (Fig. 2D) and similarly reverted the hemoglobi-
nemia regularly observed in plasma samples collected after 8 h post
PGN infusion. Plasma bilirubin dynamics confirmed the protective
effects of RA101295 against the intravascular heme imbalance in-
duced by the PGN challenge (Fig. 2E). Damaged RBCs are cleared
from circulation by phagocytic macrophages in spleen or liver which
recycle hemin groups. PGN enhanced extravascular hemolysis, as
evidenced by increased deposition of iron in perifollicular regions of
the spleen (Fig. 2F), while RA101295 lessened extravascular he-
molysis and lowered iron accumulation in these organs.
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Effect of RA101295 on Organ Dysfunction. PGN challenge induced
anatomopathological changes and functional impairment of multi-
ple organs (SI Appendix, Figs. S2 and S3). PGN-induced thrombosis
and subsequent organ damage has been detailed previously (15).
Kidneys were the most severely affected organs, and acute renal
failure in conjunction with progressive hyperkalemia was the most
likely cause of death for these animals. Kidney dysfunction was
initiated early, with BUN (blood urea nitrogen) and creatinine
levels above physiologic range as early as 8 h after PGN infusion.
Renal impairment worsened throughout the course of the experi-
ment, reaching 11- to 14-fold increases over baseline for BUN (154
to 280 mg/dL) and 26- to 29-fold increases for creatinine (9.3 to
13.7 mg/dL) by 72 h in 3/4 PGN-challenged baboons (Fig. 3A).
Kidney dysfunction led to a concomitant elevation in blood potas-
sium to life-threatening levels above 7 mM. RA101295-treated
animals elicit a similar elevation in BUN and creatinine during
the first 8 h post challenge. In contrast to nontreated animals,
however, kidney dysfunction stabilizes by 24 h and improves after-
ward (Fig. 3A). Correspondingly, blood potassium never exceeded
5.4 mM in any of the RA101295-treated baboons.

Endpoint histopathological analysis of PGN -hallenged ba-
boons revealed thrombo-ischemia and hemoglobinemia-induced
acute tubular necrosis. Hematoxylin and eosin–stained kidney sec-
tions showed damage to the epithelial cells of proximal tubules and
disorganization of their nuclei (karyolysis), glomerular necrosis, and
accumulation of leukocytes in the peritubular capillaries of PGN-
challenged animals (Fig. 3B). Thrombo-ischemic damage of glo-
merular and peritubular capillaries has been reported previously
(15) and is exemplified in SI Appendix, Fig. S3 as well. Intravascular
hemolysis releases heme in circulation, which sensitizes parenchyma
to regulated necrosis in the presence of proinflammatory stimuli
(36, 37). Acute kidney injury is an early manifestation of heme cy-
totoxicity in vivo (38), it is dominated by kidney tubular necrosis
(39) and amplifies multiple organ dysfunction in polymicrobial
sepsis (40). Following intravascular hemolysis, we observed wide-
spread accumulation of hemosiderin in the renal tubules of PGN-
challenged baboons (Fig. 3C), and the renal damage was amplified
by MAC deposition. Colocalization of C5b-9 with immunoglobu-
lins (Fig. 3D), factor B (Fig. 3E), and/or MBL (Fig. 3F) indicates
CP-, AP-, and LP-dependent renal MAC deposition. RA101295

Fig. 1. Effect of RA101295 treatment on complement activation and C5b-9 deposition in tissues following infusion of a lethal dose of PGN. (A) Time course
changes of complement components that support complement activation via AP, CP, and LP in serial serum samples shows rapid consumption of complement
proteins after 1 h post PGN infusion in baboons. A faster recovery of AP was observed (*P < 0.05, LP versus AP, 48 h post PGN challenge). (B–D) Quantitation of
complement activation products in serial plasma samples collected from PGN-challenged baboons: (B) Soluble C3b, (C) soluble C5a, (D) and soluble C5b-9.
Data are presented as mean ± SEM. The same time-points from PGN (n = 4) and PGN+RA101295 (n = 3) were compared using two-tailed Student’s t test. *P <
0.05, **P < 0.01, and ***P < 0.001. (E) Immunostaining for C5b-9 (red) and nuclear counterstaining (blue, TO-PRO-3) in lung, liver, and kidney sections of PGN-
challenged baboons euthanized at 72 h (untreated) or 7 d (RA101295 treated). Left depicts C5b-9 immunostaining performed on blood smears collected 2 h
post PGN challenge in both untreated and RA101295 treated baboons. (Magnification bars: 20 μm [blood]; 50 μm [lung, liver, and kidney].)
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treatment reduced PGN-induced MAC deposition in the kidney,
lowered heme cytotoxicity and the accumulation of renal hemosid-
erin, and decreased but did not eliminate tubular necrosis (Fig. 3
B–F, lower panels). Occlusive thrombi in glomerular capillaries, in-
terlobular arteries, and peritubular capillaries were only occasionally
observed in the RA101295 treated group.

Effect of RA101295 on Leukocyte Activation during PGN Challenge.
Anthrax patients developing hemolytic anemia show concurrent
leukopenia, thrombocytopenia, and progressive coagulopathy (13, 31).

Similar to human pathology, PGN induced platelet decline in baboons
during the first 8 h after infusion, with gradual recovery afterward
in both experimental groups (Fig. 4A). Similarly, leukocytes (white
blood cells, WBCs) declined steeply to 40 to 50% of baseline
within 2 h after PGN infusion but recovered to or above baseline
by 24 h. No significant changes in WBC dynamics were observed
between RA101295-treated and untreated groups (Fig. 4B).
PGN infusion promoted rapid engagement and degranulation

of neutrophils as indicated by the increased plasma myeloperoxidase
(MPO) activity. MPO peaked early, 1 to 2 h after the challenge

Fig. 2. Effect of RA101295 on intravascular and extravascular hemolysis induced by PGN. (A–E) Time course dynamics of RBC counts (A), hematocrit (B),
hemoglobin (C), erythrocyte morphology (D), and total bilirubin (E). Gradual increase in schistocytes and aggregated ghost RBCs in PGN-challenged, un-
treated baboons was noted prominently at 72 h (D, Right), while treated baboons were protected against hemolysis. (F) Prussian blue staining of hemoglobin-
derived iron deposits in the spleen of PGN challenged baboons without/with RA101295 treatment. Deposition of blue-stained colloidal iron was observed in
the red pulp (RP), particularly in the areas surrounding the follicles (F). RA101295-treated animals did not show iron staining, suggesting decreased extra-
vascular RBC hemolysis in the spleen. (A–C, E) Data are presented as mean ± SEM, and the same time-points are compared between PGN (n = 4) and
PGN+RA101295 (n = 3) using two-tailed Student’s t test. *P < 0.05, **P < 0.01. (Magnification bars: 20 μm [D]; 100 μm [F].)
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(Fig. 4C), and was sustained after RA101295 treatment, consistent
with the enhanced activation of C3 in these animals (Fig. 1B), and
our previous observations that C3b opsonization supports
neutrophil recognition of both anthrax bacterium and PGN (24).
RA101295-treated baboons have significantly lower levels of
monocyte/macrophage activation marker neopterin at 24 to 72 h
post PGN challenge (Fig. 4D). Neopterin is eliminated through the
kidney (41), and time course dynamics are similar to the kidney
dysfunction marker creatinine (Fig. 3A). Time course dynamics of
granzyme B, a NK cells/cytotoxic T cells activation marker, is similar
in both groups (Fig. 4E). Nucleosomes are complexes of DNA and
histones released by either activated neutrophils, in the form of
neutrophil extracellular traps (NETs), or damaged apoptotic or
necrotic cells. Circulating nucleosomes sharply increased within
the first 8 h after PGN infusion in both RA101295-treated and
untreated animals. During challenge resolution, 24 to 72 h post
infusion, RA101295 treatment significantly reduced circulating
nucleosome levels, highlighting the cytoprotective effects of C5
inhibition (Fig. 4F). Overall, the results indicate that C5 inhibi-
tion does not alter PGN interaction with circulating innate immune
cells, supports similar neutrophil responses like degranulation, and
is cytoprotective during the resolution phase of the PGN challenge.

Effect of RA101295 on PGN-Induced Systemic Inflammation. Our previ-
ous studies showed that PGN can induce systemic inflammation
similar to the parental bacteria (15). RA101295 treatment did not
alter PGN-induced production of inflammatory mediators respon-
sible for myeloid cell mobilization, such as GM-CSF (granulocyte

macrophage colony-stimulating factor) and MCP-1 (monocyte
chemoattractant protein 1) (Fig. 5 A–B). While RA101295 treat-
ment did not affect PGN-induced TNF or IL-8 dynamics (Fig. 5 C
and E), it significantly reduced IL-6 at later stages (Fig. 5D),
reflecting potentiation of IL-6 biosynthesis through either C5
anaphylatoxin (42) or sublytic C5b-9 (43) signaling. Surprisingly,
C5 inhibition enhanced the biosynthesis of the pleiotropic cyto-
kine IFN-γ (interferon-gamma) (Fig. 5F). Similar to IL-6, the
initial up-regulation of the regulatory cytokines IL-10 and IL1-RA
(IL-1 receptor antagonist) was unchanged, while both were re-
duced by C5 inhibition at later stages (Fig. 5 G–H).

Effect of RA101295 Treatment on Plasma Levels of PGN Recognition
Proteins. Mammals express four PGN recognition proteins
(PGLYRPs) that interact with PGN, two of which (PGLYRP1
and 2) are released in the blood. PGLYRP1 has bactericidal activity
and supports PGN signaling, while PGLYRP2 has amidolytic activity
and mediates PGN degradation (44). We measured changes in
plasma levels of PGLYRP1 and PGLYRP2 in baboons challenged
with PGN, with/without RA101295 treatment. PGLYRP1 is consti-
tutively produced and stored as ∼22 kDa monomers in the tertiary
granules of neutrophils, and dimerization increases its efficiency and
specificity (45). We detected PGLYRP1 only as a dimer in NHP
plasma, visible after 2 to 8 h post PGN infusion and likely reflecting
neutrophil activation and degranulation. RA101295-treated animals
showed lower levels of PGLYRP1 as compared to nontreated con-
trols (SI Appendix, Fig. S4A).

Fig. 3. Effect of RA101295 treatment on markers of renal injury, including complement and iron deposition, following infusion of a lethal dose of PGN. (A)
Time course dynamics of serum BUN and creatinine in untreated or RA101295-treated baboons challenged with anthrax PGN. Data are presented as mean ±
SEM. The same time-points are compared between PGN (n = 4) and PGN+RA101295 (n = 3) using two-tailed Student’s t test. *P < 0.05, **P < 0.01, and ***P <
0.001. (B) Hematoxylin and eosin (H&E) staining of kidney sections reveals extensive tubular necrosis in nontreated animals, while RA101295 treatment
protected the morphological integrity of the organ. (C) Perl’s Prussian blue staining of ferric iron (Fe3+) hemosiderin deposits in tubules of kidney. (D, E, and F)
Double immunolabeling of immunoglobulins (Ig; D, red), factor B (E, red), or mannose-binding lectin (MBL; F, red) and C5b-9 terminal complement complex
(D, E, and F, green). In all pictures, TO-PRO-3 nuclear counterstaining is shown in blue. G, glomeruli; T, tubule. (Magnification bars: 100 μm.)
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PGN challenge with or without RA101295 treatment did not
significantly change the expression of PGLYRP2, a liver deam-
inase enzyme that is constitutively secreted in plasma, in which it
can cleave and degrade PGN, thus contributing to its clearance
(SI Appendix, Fig. S4B).

Effect of C5 Inhibition on PGN-Induced Coagulopathy.Acquired hemolytic
anemia with schistocytosis, as observed here, occurs more frequently
in patients with progressive coagulopathy, DIC, and thrombotic
microangiopathies (46). As reported (15), PGN-challenged baboons
exhibited an acute consumptive coagulopathy characterized by
prolonged clotting times, aPTT (activated partial thromboplastin
time; Fig. 6A) and PT (prothrombin time, Fig. 6B), elevation of
thrombin-antithrombin complexes (Fig. 6C), and consumption of
fibrinogen (Fig. 6D). RA101295 treatment did not significantly
alter any of these parameters indicating that C5 inhibition has no
substantial effect on the hemostatic dysregulation induced by
PGN (Fig. 6). Accordingly, the RA101295 treatment reduced but
did not eliminate glomerular and peritubular microthrombi in
PGN-challenged baboons (SI Appendix, Fig. S3), resulting in mild
renal impairment up to 48 h post challenge (Fig. 3A). PGN activates
both the intrinsic (contact) and extrinsic (tissue factor–dependent)
coagulation cascades (15), and we detected pathway-specific
protease–serpin complexes in this study as well (Fig. 6 E–G)
and kininogen consumption (Fig. 6H). While the overall dynamics
are similar, the peaks of protease–serpin complexes were delayed
by roughly 1 h in RA101295-treated versus untreated PGN-
challenged baboons.

RA101295 had no effect on the fibrinolytic activator tPA (tissue
plasminogen activator; Fig. 6I), nor the corresponding regulator
PAI-1 (plasminogen activator inhibitor 1; Fig. 6J), although
plasmin–antiplasmin (PAP) complexes were slightly higher in the
treated group (Fig. 6K). Surprisingly, the fibrin-specific degrada-
tion product D-dimer was significantly elevated in the RA101295-
treated, PGN-challenged animals, especially 24 h post infusion
(Fig. 6L). The enhanced fibrinolysis observed in RA101295-
treated animals is expected to ease the thrombo-ischemic in-
jury induced by PGN.
Endothelial injury usually precedes thrombotic microangiopathies

and the associated intravascular hemolysis. Quantitation of solu-
ble thrombomodulin (sTM; Fig. 6M) confirmed the cytoprotective
effects of C5 inhibition on vascular endothelium. Temporal dy-
namics of sTM indicates that PGN-induced endothelial injury is
due in part to the excessive activation of terminal complement
mediators within vasculature and not the heme imbalance ob-
served at later time-points. TM release was reduced but not
abolished by RA101295, reflecting concomitant endothelial acti-
vation by thrombin or systemic inflammation largely unaffected by
C5 inhibition.

Effect of RA101295 on Survival.Without treatment, the PGN challenge
led to irreversible organ failure, triggering euthanasia between 72
and 111 h post infusion (mean survival: 96 h). Inhibition of
terminal complement mediators by RA101295 protected against
pathologic complement deposition on blood cells and peripheric
organs, reduced intravascular hemolysis, and associated heme-
mediated renal injury. RA101295-treated, PGN-challenged baboons

Fig. 4. Effect of RA101295 treatment on platelets and leukocytes counts and markers of leukocyte activation following a lethal PGN challenge. Time course
dynamics of platelets (A), WBCs (B), MPO (C), neopterin (D), granzyme B (E), and nucleosomes (F) in serial blood samples collected from PGN challenged
baboons with or without RA101295 treatment. Data are presented as mean ± SEM, and the same time-points are compared between PGN (n = 4) and
PGN+RA101295 (n = 3) using two-tailed Student’s t test. *P < 0.05, ***P < 0.001.
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reached the 7-d endpoint of the study and were considered survivors
(Fig. 7).

Discussion
PGN is an abundant component of gram-positive bacterial wall
from which is shed during the vegetative growth (47) or after
bacteriolysis induced by antibiotics (48) or lysozyme (49). We
recently showed that PGN supports the anthrax-associated coagul-
opathy, which is characterized by progressive thrombocytopenia,
DIC, occlusive microthrombosis, and multiple organ dysfunction
(15). Here, we found that PGN-challenged baboons also elicits a
secondary atypical hemolytic uremic syndrome (aHUS) pathology
characterized by an initial hematocrit elevation, characteristic of
clinical anthrax presentation (35), followed by progressive hemolytic
anemia, thrombocytopenia, and acute kidney injury, and we inves-
tigated the underlying pathological mechanisms. We show here that
excessive activation of terminal complement caused intravascular
hemolysis during the PGN challenge. Inhibition of C5 cleavage by
RA101295 abrogated terminal complement reactions without af-
fecting upstream activation. C5 inhibition reduced intravascular

hemolysis, heme cytotoxicity, and associated renal injury, with no
adverse effects on cellular innate immune responses, systemic
inflammation, or coagulopathy. Consequently, C5 inhibition pro-
tected against acute kidney failure and promoted survival in ba-
boons challenged with a lethal dose of anthrax PGN.
Hemolytic anemia in critically ill septic patients usually asso-

ciates with adverse outcomes (50, 51). Acquired HUS predom-
inantly accompanies infections with enterohemorrhagic E. coli,
whereby the pathology is driven by bacterial Shiga toxins (52).
The mechanisms supporting HUS in gram-positive infections
(53) are less understood. The true incidence of HUS in human
anthrax is difficult to assess due to the low occurrence of bacter-
emic natural anthrax cases; however, one out of the first 10 cases
in the Amerithrax attack developed HUS (13), and HUS devel-
opments were reported in community acquired cutaneous (31)
and inhalational (54) anthrax. Here, we show that baboons chal-
lenged intravascularly with anthrax PGN developed a progressive
hemolytic anemia similar to human patients. The initial hemato-
crit elevation is likely due to altered vascular permeability (15) and

Fig. 5. Effect of RA101295 treatment on inflammatory cytokines production following a lethal dose of PGN infusion. Time course of circulating cytokines:
GM-CSF (granulocyte-macrophage colony-stimulating factor) (A), MCP-1 (monocyte chemoattractant protein 1) (B), TNF (C), IL-6 (D), IL-8 (E), IFN-γ (F), IL-10
(G), and IL-RA (IL-1 receptor antagonist) (H). Data are presented as mean ± SEM. The same time-points are compared between PGN (n = 4) and
PGN+RA101295 (n = 3) using two-tailed Student’s t test. *P < 0.05, and **P < 0.01.
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hemoconcentration, while excessive complement activation drives
hemolysis at later stages.
Understanding the pathologic mechanisms promoting infection-

associated hemolytic anemia can inform targeted therapeutic
strategies. Possible etiologies for bacteria-driven anemia include
secretion of pathogen-derived hemolysins, DIC and thrombotic

microangiopathies, dysregulated complement activation, glucose
restriction, alterations in RBC deformability, and others (55, 56).
The mechanisms supporting anthrax-associated HUS pathology
are unknown. Unlike the closely related B. cereus (57), anthrax
does not secrete hemolysins and consequently is classified as
gamma-hemolytic (nonhemolytic) in standard bacteriological

Fig. 6. Effect of RA101295 on markers of coagulation and fibrinolysis following PGN challenge. Time course dynamics of activated partial thromboplastin
time (aPTT; A), prothrombin time (PT; B), thrombin-antithrombin complexes (TAT; C), fibrinogen (D), FXIIa-AT complexes (E), Kallikrein-AT complexes (F),
FVIIa-AT complexes (G), intact kininogen (H), tissue type plasminogen activator (tPA; I), plasminogen activator inhibitor-1 (PAI-1; J), plasmin-α2–antiplasmin
complexes (PAP; K), D-dimers (L), and soluble thrombomodulin (sTM; M) in PGN challenged baboons with or without RA101295 treatment. Data are depicted
as mean ± SEM, and the same time-points are compared between PGN (n = 4) and PGN+RA101295 (n = 3) using two-tailed Student’s t test. *P < 0.05, **P <
0.01, and ***P < 0.001.
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tests. Nevertheless, multiple anthrax strains, including atoxigenic
and nonencapsulated isolates, show hemolytic activity against
erythrocytes sensitized by mild reducing conditions (58) or phos-
pholipase transfer (57), indicative of complement dysregulation.
Our results demonstrate that anthrax hemolytic potential is driven
by the cell wall PGN, which induces erythrolysis through direct
and excessive activation of complement in the absence of any
other bacterial PAMPs. The resulting anemia in anthrax patients
could be further exacerbated through inhibition of erythropoiesis
by lethal toxin (59). Since PGN is highly abundant in gram-positive
pathogens, the mechanism depicted here could drive HUS in
other bacterial infections and may explain the successful treatment
of Streptococcus pneumoniae HUS using eculizumab (60), a C5-
neutralizing antibody.
While optimal complement is beneficial in clearing infections,

excessive complement activation amplifies sepsis pathology and
contributes to cell death, immune paralysis, cardiopulmonary
impairment, and multiple organ failure (61). We show here that
anthrax PGN is a potent activator of all three complement cascades
in baboons, leading to near-complete consumption of common
pathway components as early as 1 h after PGN infusion. Although
reported in vitro with a diverse array of bacterial cell walls and
PGNs (62), the complementopathic potential of anthrax PGN
in vivo has not been documented until now. During the course of B.
anthracis infection, anthrax PGN can be released from bacteria
during bacterial multiplication (25). Moreover, neutrophil-mediated
extracellular killing of vegetative bacteria in the bacteremic stage
(63, 64) could further amplify cell wall fragmentation and systemic
release of PGN. Persistent PGN in circulation in turn may drive
excessive complement activation, as we show here, and contribute
to late-stage anthrax pathology including HUS. Similarly, PGN has
been shown to persist long after Lyme infection and support post-
infection inflammatory pathology (65).
Dysregulated activation of complement by PGN on RBC sur-

faces can be initiated by all three complement pathways (56, 66)
and results in a rapid loss of hemoglobin and RBC fragmentation.
Independent of MAC deposition (67), C3 opsonization of RBCs
also enhances the erythro-phagocytic clearance at extravascular
sites (68) and alters RBC membrane stiffness and deformability

(69). Trafficking through partially thrombosed microvessels can
promote schistiocytosis of stiff RBCs, which usually associates with
DIC (46). By inhibiting C5 proteolysis without affecting upstream
complement activation of C3, RA101295 discriminates between
MAC- and C3-dependent hemolytic processes. In our current study,
we observed early deposition of MAC on erythrocytes after PGN
infusion. Hemolytic anemia started by 24 h, progressed throughout
the course of the study in three of the four PGN-challenged ba-
boons, and presented as intravascular hemolysis with schistocytosis
and RBC fragmentation. C5b-9 deposition on RBCs drives PGN-
induced hemolysis since RA101295 treatment normalized the he-
matocrit to 80% of baseline and reduced schistocytosis. C3 acti-
vation together with the progressive coagulopathy was largely
unaffected by RA101295 but may still contribute to PGN-induced
hemolysis to a lower extent. Indeed, RA101295-treated animals
displayed mild anemia, and correspondingly mild kidney dys-
function, that resolved within a couple of days post challenge.
RA101295-mediated protection of RBCs also resulted in lower
clearance at extravascular sites, such as perifollicular regions in
the spleen, despite higher C3b levels observed in these animals.
Sustained intravascular hemolysis leads to acute elevation of

hemoglobin and/or heme in circulation, which exacerbates organ
dysfunction in sepsis models (40) and associates with poor prognosis
in patients (70). Heme accumulation propagates oxidative stress,
induces inflammatory signaling through TLR4 and the NLRP3
inflammasome, induces neutrophil NETosis, and promotes mac-
rophage necroptosis (reviewed in ref. 55). Extravascular heme ac-
cumulation is cytotoxic and sensitizes parenchymal cells to receptor-
initiated necroptosis in the presence of inflammatory signals such as
TNF (71) or exacerbates oxidative stress, primarily lipid perox-
idation, and promotes ferroptosis (37). In vivo heme cytotoxicity
predominantly associates with acute kidney injury (38) character-
ized by necrosis of renal epithelia in proximal tubules (39). Ac-
cordingly, PGN infusion in baboons induced tubular necrosis and
preferential accumulation of iron in uriniferous tubules, indicative
of heme-mediated damage. Renal injury here was amplified by a
secondary deposition of C5b-9 complexes on uriniferous tubules.
RA101295 treatment reduced hemolysis, renal cytotoxicity, and
necrosis, eliminated iron deposition in proximal tubules, and
protected against renal dysfunction. RA101295-treated animals
showed little to no renal buildup of upstream complement
initiators, immunoglobulins and/or MBL, suggesting that PGN-
induced renal complement deposition occurs secondary to heme-
mediated damage in this model.
Circulating innate immune cells recognize opsonized PGN through

surface immune receptors like immunoglobulin and complement
C3 receptors (22–26, 28). C3b opsonization contributes to
phagocytosis of both live B. anthracis and PGN by neutrophils (24)
and of B. anthracis spores by macrophages (34). Conversely, C5
inhibition did not impair C3b-mediated phagocytosis in our E. coli
model (30); therefore, C5 inhibition was not expected to impede
PGN recognition and initial activation of cellular innate responses
by this PAMP. Accordingly, leukocyte and platelet dynamics,
neutrophil degranulation and NETosis, induction of monocyte
and lymphocyte mediators, including cytotoxic granzyme B pro-
duced by cytotoxic lymphocytes and NK cells (72), and early
proinflammatory mediators were similar between RA101295-
treated and nontreated animals.
The marked increase in neopterin produced by activated

monocyte/macrophages under proinflammatory stimuli (73) ob-
served in untreated, PGN-challenged animals reflects both sustained
macrophage activation and impaired renal excretion, knowing that
glomerular filtration is the main mechanism for neopterin clearance
(41). This is in stark contrast with C5 inhibition during lethal E. coli
challenge (30), in which all early proinflammatory molecules were
reduced by RA101295. Whereas bacteriolytic MAC activity, sensi-
tive to RA101295, led to LPS release from E. coli and subsequent
LPS-driven inflammation in the gram-negative model, MAC activity

Fig. 7. Effect of RA101295 on PGN-induced mortality. Survival plot of ani-
mals challenged with PGN and treated with (n = 3) or without (n = 4)
RA101295. Animals were monitored during the course of study and hu-
manely euthanized when conditions deteriorated or reached at primary
endpoint of 7 d (168 h, survivor). Survival distribution of the two groups was
determined using a Log-rank (Mantel–Cox) test; the result is significant at
P = 0.0169.
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has no bearing on gram-positive PGN recognition by immune cells
in the current study. Nevertheless, C5 inhibition significantly in-
creased the early production of IFN-γ and reduced inflammatory
mediators at later stages, such as IL-6, IL-10, and IL-1RA. These
differences could reflect signaling contributions from the terminal
complement mediators C5a and sC5b-9 (42, 43). C5a can induce
IL-6 production (74, 75) through C5a-C5aR1 signaling (76) via
ERK1/2 and p38 MAPK (77). Decreased signaling via C5a-C5aR1
in RA101295-treated baboons could be also responsible for IFN-γ
induction and IL-10 decrease, as similar cytokine changes were
found in C5aR1 knockout mice with polybacterial peritonitis (78).
The diminished immune response could be also explained by the
decrease in PGLYRP1 seen in RA101295-treated baboons, as this
is a ligand of TREM1, and signaling through this receptor is
known to promote the production of proinflammatory cytokines
(79). We conclude that RA101295 does not interfere with immune
recognition of PGN and supports a beneficial shift in systemic
inflammation consistent with improved survival.
Concurrent activation of complement and blood coagulation

occurs in many sepsis models, and the extensive crosstalk between
them may contribute to hemostatic dysregulation, multiple organ
failure, and mortality in sepsis (80). As reported (15), PGN acti-
vated both clotting cascades in baboons and induced a progressive
consumptive coagulopathy leading to DIC. In contrast to C5 in-
hibition in gram-negative sepsis (30), RA101295 did not sig-
nificantly alter the hemostatic dysregulation in PGN-challenged
baboons, although a temporal delay in peak generation of
protease–serpin complexes was observed in the treated group.
We interpret these results as diminished amplification events in
the presence of RA101295 due to inhibition of MAC activity on
intravascular surfaces. Consequently, similar thrombin gener-
ation and fibrin formation were observed in PGN-challenged
animals regardless of the presence of the C5 inhibitor. Al-
though plasmin activation was similar between the two groups,
fibrinolysis was enhanced in RA101295-treated animals at later
time points, as shown by plasma D-dimers. While this finding is
puzzling, the net fibrinolytic effect likely minimizes deposition
of fibrin in the microvasculature with beneficial effects for
thrombo-ischemic resolution and DIC-augmented hemolysis.
In addition, RA101295 protected vascular endothelium from
the excessive complement activation, as revealed by sTM levels.
Lower endothelial activation slows clotting reactions and may
decrease the thrombotic microangiopathy in this model.
Overall, we show that anthrax PGN induces a progressive

HUS-like pathology similar to bacteremic human patients. Eti-
ologically, direct excessive activation of complement, MAC-
mediated hemolysis, heme imbalance, and associated renal in-
jury promote acute kidney failure and death in anthrax PGN-
challenged animals. Inhibition of C5 proteolysis prevents HUS
pathology with no adverse effects on immune responses. Whereas
the study provides proof-of-concept that dissociation of opsono-
phagocytic and cytolytic complement functions is beneficial for
late-stage anthrax pathology, further work is needed to define the
post-infection therapeutic windows in preclinical models.

Materials and Methods
NHP Model of Anthrax PGN Challenge. Animal study protocols were approved
by the Institutional Animal Care and Use Committees of the Oklahoma
Medical Research Foundation, the University of Oklahoma Health Sciences
Center, and the University of Texas MD Anderson Cancer Center. All animal
experiments were performed in compliance with the AnimalWelfare Act, the
Guide for the Care and Use of Laboratory Animals (81), and the NIH Office of
Laboratory Animal Welfare. Healthy, male and female, 3- to 4-y-old Papio
anubis baboons with hemoglobin greater than 10 g/dL and WBC counts less
than 12 × 109/L were randomly distributed between two study groups. All
animals had free access to water and primate diet. Animals were sedated
with intramuscular (IM) ketamine (14-20 mg/kg), after which intravenous
(IV) pentobarbital (2 mg/kg) was used to maintain a light level of anesthesia
during the first 8 h after the PGN challenge. The animals were returned to

cage for recovery afterward. Buprenorphine (0.02 mg/kg, IM) was adminis-
tered after 6 h of PGN challenge. Two experimental groups were studied: 1)
PGN challenge only (n = 4) and 2) PGN plus RA101295 treatment (n = 3).
Anthrax PGN was prepared and characterized as described elsewhere (15,
21) and was infused IV over 15 min (37.5 mg/kg). Four doses of RA101295
(10 mg/kg) were administered subcutaneously in order to ensure inhibition
of C5 proteolysis throughout the first 2 d after the challenge, as described
elsewhere (30). Blood and physiological parameters were collected during
the course of study. Mean systemic arterial pressure, heart rate, respiratory
rate, core body temperature, and oxygen saturation were monitored with a
Cardell Max12 HD Duo monitor (Midmark, Versailles, OH). Supplemental
oxygen was given when oxygen saturation dropped below 85%. Animals
were monitored during the course of study and humanely euthanized when
conditions deteriorated or reached the primary endpoint of 7 d survival (14,
82). Tissue samples were fixed in 4% paraformaldehyde for microscopy or
snap frozen in liquid nitrogen and stored at −80 °C.

Biochemical Tests. Blood lactate was measured using lactate Scout (EKF Di-
agnostics GmbH, Barleben, Germany). Blood glucose was measured using a
Contour Next blood glucose meter (Bayer HealthCare LLC, Mishawaka, IN).
Serum metabolites such as BUN, creatinine, alanine aminotransferase, total
protein, and albumin were measured using a comprehensive diagnostic
profile rotor on a VetScan VS2 (Abaxis Veterinary Diagnostics, Union City, CA)
chemistry analyzer. Plasma MPO activity was quantified using the FluoroMPO
MPO detection kit (Cell Technology, Fremont, CA) according to manufacturer’s
protocol.

Coagulation Tests. aPTT, PT, and functional fibrinogen was determined using
clotting based assays (83).

Enzyme-Linked Immunoassays. Plasma cytokines were quantified using a
customized MILLIPLEX MAP Non-Human Primate Cytokine Magnetic Bead
Panel (EMD Millipore, Billerica, MA) as per manufacturer’s instruction. C3b,
C5a, and C5b-9 were quantified as described (30, 84). Wieslab total com-
plement screening kit (Euro Diagnostica, Malmö, Sweden) was used to assess
pathways specific complement activities (85), according to manufacturer’s
instructions. This kit detects the residual complement components that
support complement activation through the three activation pathways. Se-
rum is incubated in wells coated with specific activators of the three path-
ways: human IgM for CP, LPS for AP, and mannan for LP. Complement
activation readout is C5b-9 terminal complex formation measured with a
specific, neo-epitope–based, enzyme-linked immunosorbent assay (ELISA).
The amount of neoantigen generated is proportional to the residual func-
tional activity of each specific complement pathway. Antithrombin com-
plexes with FXIIa, kallikrein (Kal), and FVIIa were quantified as described
(86), and values were interpolated from standards prepared by incubating
lepirudin-anticoagulated baboon plasma with either 0.1 mg/mL dextran
sulfate (for FXIIa-AT and Kal-AT) or PT reagent (for FVIIa-AT) for 60 min at
37 °C. Plasma intact kininogen levels were measured by ELISA using a kini-
nogen capture antibody (clone 3E8) and biotinylated kininogen detection
antibody (clone 2B7) as described elsewhere (87) and interpolated from a
standard curve generated using single-chain, high–molecular weight kini-
nogen (Molecular Innovations, Novi, MI). PAP complexes and D-dimers were
quantified as described earlier (86). tPA, PAI-1, and granzyme B were
quantified using commercial ELISA kits (R&D System, Minneapolis, MN).
Neopterin ELISA kit was from IBL International GmbH (Hamburg, Germany).
Plasma nucleosomes were quantified using a Cell Death Detection ELISA
PLUS kit (Roche Diagnostics GmbH, Mannheim, Germany) with nucleo-
histones (Worthington Biochemical Corporation, Lakewood, NJ) as standard.

Western Blotting. Plasma samples were mixed with NuPAGE lithium dode-
cylsulfate (LDS) sample buffer (Invitrogen, Carlsbad, CA) and heated at 70 °C
for 10 min. Samples were applied to NuPAGE 4 to 12% Bis-Tris gels (Invi-
trogen) and electrophoresed at constant 200V for 45 min using NuPAGE
MES-SDS (2-(N-morpholino)-ethanesulfonic acid - sodium dodecylsulfate)
running buffer under nonreducing condition. Proteins were transferred to
polyvinylidene difluoride (PVDF) membranes at constant 30V for 75 min
using NuPAGE transfer buffer (Invitrogen) with 20% methanol. Membranes
were blocked with 3% bovine serum albumin (BSA) in saline phosphate
buffer (PBS) containing 0.1% Tween-20 for 2 h and then incubated with
either goat anti-human PGLYRP1 (0.4 μg/mL, R&D systems) or rabbit anti-
human PGLYRP2 (0.4 μg/mL, Novus Biologicals, Littleton, CO) at 4 °C over-
night. After 1-h incubation with respective secondary antibody Alexa Fluor
680 conjugated donkey anti-goat IgG (200 ng/mL, Molecular Probes, Eugene,
OR) or IRDye 680RD conjugated donkey anti-rabbit IgG (66 ng/mL, Li-Cor
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Biosciences, Lincoln, NE), membranes were scanned using the Odyssey in-
frared imaging system (Li-Cor Biosciences) in a 700-nm channel.

Microscopy Analysis. Formalin-fixed, paraffin-embedded sections were stained
with hematoxylin and eosin or phosphotungstic acid–hematoxylin and were
examined and scored by a veterinary pathologist blinded to the experimental
condition. Prussian blue staining of hemosiderin deposits (ferric iron) was
performed as described (14, 30, 83).

Immunofluorescent staining was performed on methanol-fixed blood
smears or paraformaldehyde-fixed tissues embedded in Tissue-Tek OCT
compound (Sakura Finetek, Torrance, CA). Samples were incubated over-
night at 4 °C with neoepitope-specific mouse anti-human C5b-9 (clone aE11;
Enzo Life Sciences, Farmingdale, NY), rabbit anti- human mannose MBL
(clone EPSISR5; Epitomics, Burlingame, CA), rabbit anti-human complement
factor B (Novus Biologicals), or rabbit anti- human IgA/IgG/IgM polyclonal
antibody (Dako, Santa Clara, CA). Sections were subsequently washed and
incubated for 1 h with fluorescein isothiocyanate- and/or Cy3-conjugated
detection antibodies (Jackson ImmunoResearch Laboratories, West Grove,
PA) and mounted with Vectashield hardset (Vector Laboratories, Burlingame,
CA) containing TO-PRO-3 iodine (Molecular Probes, Eugene, OR) nuclear
counterstain. Confocal images were captured on a Nikon Eclipse TE2000-U
inverted microscope (Nikon Instruments Inc., Melville, NY), equipped with a

Nikon C1 scanning head, and processed using EZ-C1 software (version 3.80;
Nikon, Melville NY) (30, 83).

Statistical Analysis. Data are represented as mean ± SEM). Statistical analysis
was performed using GraphPad Prism version 8.4.3 (GraphPad Software, San
Diego). Significant deviations from baseline (T0) were assessed by repeated-
measures one-way ANOVA with Tukey’s correction for multiple compari-
sons. Differences between the two experimental groups were assessed by
multiple t tests. Results were considered significant at P < 0.05 (*P < 0.05,
**P < 0.01, and ***P < 0.001). Comparison of survival data were done using
the log-rank (Mantel–Cox) test.

Data Availability.All study data are included in the article and/or SI Appendix.
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