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Tranexamic acid modulates the immune response and reduces
postsurgical infection rates
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m Tranexamic acid (TXA) is an antifibrinolytic agent that blocks plasmin formation. Because
plasmin is known to promote inflammatory and immunosuppressive responses, we explored
* Tranexamic acid re-

duces postsurgical
infection rates.

the possibility that plasmin-mediated immunosuppression in patients undergoing cardiac
surgery can be directly reversed by TXA and decrease postoperative infection rates. The
modulatory effect of TXA on inflammatory cytokine levels and on innate immune cell

* Patients with diabetes activation were evaluated with multiplex enzyme-linked immunosorbent assay and
are refractory to the flow cytometry, respectively. Postoperative infection rates were determined in
effects of tranexamic patients undergoing cardiac surgery and randomized to TXA (ACTRN12605000557639;
acid.

http://www.anzca.edu.au). We demonstrate that TXA-mediated plasmin blockade modulates
the immune system and reduces surgery-induced immunosuppression in patients following
cardiac surgery. TXA enhanced the expression of immune-activating markers while
reducing the expression of immunosuppressive markers on multiple myeloid and lymphoid
cell populations in peripheral blood. TXA administration significantly reduced
postoperative infection rates, despite the fact that patients were being administered
prophylactic antibiotics. This effect was independent of the effect of TXA at reducing blood
loss. TXA was also shown to exert an immune-modulatory effect in healthy volunteers,
further supporting the fibrin-independent effect of TXA on immune function and indicating
that baseline plasmin levels contribute to the regulation of the immune system in the
absence of any comorbidity or surgical trauma. Finally, the capacity of TXA to reduce
infection rates, modulate the innate immune cell profile, and generate an antifibrinolytic
effect overall was markedly reduced in patients with diabetes, demonstrating for the first
time that the diabetic condition renders patients partially refractory to TXA.

Introduction

Uncontrolled bleeding and infection still remain significant risk factors in individuals undergoing
extensive surgery. The most widely used antifibrinolytic agent to reduce bleeding is tranexamic acid
(TXA)." TXA is a lysine analog that blocks the binding of plasminogen to exposed lysine residues on
fibrin,' thereby shielding fibrin from proteolytic attack. Plasmin also plays important roles in areas
unrelated to fibrinolysis.? Plasmin(ogen) can act in a proinflammatory manner via triggering
chemotaxis®* and cytokine release,® but it is also involved in the resolution of inflammation.® Moreover,
plasmin can promote phagocytosis in macrophages and dendritic cells”® and inhibit dendritic cell
migration to draining lymph nodes® with the latter implicating plasmin in the promotion of an
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immunosuppressive state. This immunosuppressive capacity of
the fibrinolytic system has more recently been shown to occur in
a mouse model of ischemic stroke following thrombolysis.'® Hence,
we investigated the net effect of plasmin inhibition on the immune
profile in patients undergoing cardiac surgery and in healthy
volunteers.

Methods

Healthy volunteer recruitment

Volunteers (8 males and 2 females, mean age 35.6 years) agreed to
take 1 g of TXA orally. A total of 2.7 mL of blood was drawn into
a citrated vacutainer tube (BD Biosciences) before the intake of
TXA, as well as 2, 4, and 24 hours thereafter, as approved by
the Alfred Hospital Research Ethics Committee. All participants
provided written informed consent.

ATACAS trial design

The Aspirin and Tranexamic Acid for Coronary Artery Surgery
(ATACAS) trial (ACTRN12605000557639; http://www.anzca.edu.
au) was a multicenter double-blind randomized controlled trial of
TXA in patients undergoing coronary artery surgery and who were
at increased risk for complications."'"'? Inclusion/exclusion criteria
are provided in supplemental Table 1. The ATACAS trial and this
substudy were approved by the Alfred Hospital Research Ethics
Committee. Each participant provided written informed consent.

Patients

Patient enrollment occurred at our institution from March 2006
to October 2015. The trial flow diagram is presented in supple-
mental Figure 1. We prospectively enrolled 379 patients prior to
commencing data collection for this study, and we were able to
retrieve the medical records of 374 (98.7%) patients; an additional
239 patients were enrolled prospectively. Baseline demographic
and clinical characteristics of patients were well balanced in the
treatment groups (supplemental Table 2).

We characterized changes in cytokines and circulating cellular
immune profile in 41 randomized cardiac surgery patients consec-
utively enrolled into the ATACAS trial, at the beginning of surgery
(before administration of placebo/TXA), as well as on postoperative
day 1 (POD-1) and POD-3.

Trial drug

TXA was administered IV after induction of anesthesia, but before
cardiopulmonary bypass, at a dose of 100 mg/kg over 30 minutes
for the first 183 patients at the lead site. This dose was reduced to
50 mg/kg for all subsequent patients because of a concern for
seizure risk."?

Clinical management

All patients received routine surgical and other perioperative care,
including antibiotic prophylaxis (supplemental Table 2), surgical
hemostasis, and any use of blood transfusion. Most surgical site
infections (SSls) were not cultured but were treated empirically with
gram-positive cover (typically cefazolin).

Trial end points

The primary end point was the rate of health care—associated
infection in the first 30 days postoperatively. Definitions for each
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type of infection are presented in supplemental Table 3. Secondary
outcomes were specific sites of infection, surgical blood loss, blood
transfusions, and duration of intensive care and hospital stay. All
patients had their medical records reviewed and were contacted at
30 days after surgery to identify trial end points and other adverse
events. For patients who had documentation of an SSI only at the
time of their 6-week clinic review, it was assumed that this infection
was present within the 30-day postoperative period. All infection
data collection was performed by research staff blinded to
treatment group assignment.

Subgroups

Diabetes status was a prespecified subgroup. We compared
differences in the primary outcome between patients with and
without diabetes using a log-binomial regression model. In a post
hoc analysis, we tested whether exposure to a blood transfusion led
to TXA having a differential effect on the incidence of infection.

Sample size

The main ATACAS factorial trial required 4484 patients to detect
a clinically important reduction (from 10% to 7%) in the primary
outcome of death and thrombotic events.'? A sample size estimation
was not made for this infection substudy; we collected infection data
on all subsequently enrolled ATACAS patients at the lead site while
still blinded to treatment.

Statistical analysis for clinical outcome

Dichotomous end points were analyzed using the x? test; results
are expressed as risk ratios (RRs) with 95% confidence intervals
(Cls). Generalized linear models were constructed from binomial
regression with a logarithmic link to evaluate interactions. For the
TXA comparisons, separate models were fitted for diabetes and
exposure to blood transfusion. All reported P values are 2 sided
and were not adjusted for multiple comparisons. P < .05 was
considered statistically significant. We used Statistical Package for
the Social Sciences (Version 23; SPSS Inc., Chicago, IL) for
analysis.

Sample collection and laboratory analysis

The 41 consecutive patients of the study population were analyzed
for immunological changes in blood and plasma; 19 were given
placebo, and 22 were administered TXA. Baseline characteristics
are shown in supplemental Table 4.

Blood was drawn into a 10-mL K2-EDTA tube and a 2.7-mL citrate
vacutainer tube (BD Biosciences) before surgery and TXA admin-
istration (preoperative), at the end of surgery, and on POD-1 and
POD-3.

Flow cytometry

Flow cytometric analysis of whole blood (200 pL within 3 hours
of collection), as well as the gating strategy using 2 15-color
antibody panels (supplemental Table 5) designed and optimized to
characterize myeloid and lymphoid cell populations, has been
described."®

Collection of plasma for cytokine analysis

Blood tubes were centrifuged at 800g for 15 minutes at 21°C. Plasma
was transferred into Eppendorf tubes, which were recentrifuged at
16000g for 2 minutes at 21°C to generate platelet-poor plasma.
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Table 1. Health care-associated infections in all patients (with or without diabetes)

Outcome measures TXA (n = 307) Placebo (n = 306) RR (95% CI) P
Primary end point
Health care-associated infection 79 (25.7) 100 (32.7) 0.79 (0.61-1.01) .059
Secondary end points* 35 (11.4) 36 (11.8) 0.97 (0.63-1.50) .89
Pneumonia
SSI 44 (14.3) 63 (20.6) 0.70 (0.49-0.99) .041
Superficial 37 (12.1) 55 (18.0) 0.67 (0.46-0.99) .040
Deep 8 (2.6) 9 (2.9) 0.89 (0.35-2.27) .80
Organ space 2(0.7) 3(1.0) 0.66 (0.11-3.95) .69t
Sepsis 37 (12.1) 48 (15.7) 0.87 (0.70-1.06) 0.19
Bacteremia 2 (0.7) 3(1.0) 0.66 (0.11-3.95) 0.69t
Catheter line infection 2 (0.7) 1 (0.3) 1.99 (0.18-21.9) 0.99t

All data are n (%). Bold indicates significant results.
*Patients could have >1 site of infection.
tFisher's exact test.

Plasma was then transferred into a new Eppendorf tube and
stored at —80°C.

Cytokine multiplex enzyme-linked
immunosorbent assay

A human cytokine antibody array kit, Human ProcartaPlex Panel
(eBioscience), detecting 10 analytes (interleukin-6 [IL-6], interferon-
v [IFN-y], tumor necrosis factor-a [TNF-a], soluble TNF receptor
2 [sTNFR2], IL-B, IL-13, IL-8, MCP-1, IL-10, and tumor growth
factor-B [TGF-B]) on a Luminex platform, was used following the
instructions provided. Samples were tested in duplicate.

Evaluation of plasma D-dimer levels

D-dimer levels were determined in citrated plasma samples from 11
placebo- and 13 TXA-treated patients using a latex agglutination
assay performed by the Pathology Service of Alfred Hospital.

Statistical analysis of laboratory parameters

Statistical outliers were identified with a ROUT outlier test (Q =
19%); when an outlier was detected, the participant was removed
from the comparison. For changes in immune parameters over
time, a repeated-measures 1-way analysis of variance (ANOVA)
with Dunnett's correction was performed. Comparisons between
placebo and TXA effects at individual time points were presented as
fold change from preoperative values and evaluated using a 2-tailed
Student t test. Results were considered significant with a P < .05.

Results

The effect of TXA on postoperative infection rates

We evaluated bleeding and infection outcomes in 613 patients
recruited into the ATACAS trial.'? Details of the organisms grown
are shown in supplemental Table 6. TXA treatment significantly
reduced SSIs (P = .041) (Table 1), despite the fact that the
placebo- and TXA-treated cohorts were administered prophylactic
antibiotics (supplemental Table 2). The incidence of overall health
care—associated infection in patients receiving TXA was also
reduced, but not significantly (P = .059) (Table 1). Although the
majority of infections were superficial SSls, the point estimates of
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the RRs for sepsis, bacteremia, and pneumonia were all <1.0 (ie,
lower risk). Indeed, the incidence of sepsis in the 2 groups was
12.1% vs 15.7% (RR, 0.87; 95% CI, 0.70-1.06; P = .19).

The risk estimates for any infection with TXA were comparable in
those who did (RR, 0.84) and did not (RR, 0.92) receive a blood
transfusion within 24 hours of surgery (P for interaction = 0.54) and
in those who did (RR, 0.86) and did not (RR, 0.82) receive a blood
transfusion at any time during their hospitalization (P for interaction
= 0.77). Similarly, the risk estimate for any infection with TXA was
unaffected (RR, 0.79 vs 0.77) after adjusting for postoperative
blood loss at 24 hour. Hence, the reduction in infection rates due to
TXA cannot be explained by a difference in exposure to blood
transfusion or blood loss.

Diabetes: a major confounding variable for
infection risk

The scale of the ATACAS study allowed us to perform subgroup
analyses to investigate the impact of diabetes on infection rates.
Infection rates were nonsignificantly increased in placebo-treated
diabetes patients vs nondiabetes patients (35% vs 32%; P = .55).
However, TXA treatment profoundly reduced overall infection rates
in nondiabetic patients compared with placebo (21% vs 32%; P =
.017) (Table 2), but it failed to reduce infection rates in patients with
diabetes compared with placebo (35% vs 35%; P = .99).

We next evaluated the efficacy of TXA on transfusion needs in
patients with or without diabetes in the entire ATACAS trial
cohort'? (nondiabetes: 1512 TXA vs 1514 placebo; diabetes: 799
TXA vs 806 placebo) to maximize statistical power. Transfusion
requirements were similar in the placebo groups of patients with or
without diabetes (49% vs 49%; P = .89). TXA significantly reduced
transfusion requirements within 24 hours postsurgery in the
nondiabetes (P < .001) and diabetes (P < .001) cohorts. However,
the effect of TXA was stronger in patients without diabetes
(Table 3), with TXA reducing the RR for transfusion by 40% in
nondiabetic patients but only by 28% in those with diabetes (P for
interaction = .012). There also were significant reductions only in
the patients without diabetes with regard to each of the secondary
end points measuring blood loss, bleeding complications, and
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Table 2. Health care-associated infections in patients without diabetes

Outcome measures TXA (n = 204) Placebo (n = 200) RR (95% CI) P
Primary end point
Health care-associated infection 43 (21.1) 63 (31.5) 0.67 (0.48-0.94) .017
Secondary end points* 23 (11.3) 22 (11.0) 1.03 (0.59-1.78) .93
Pneumonia
SSI 22 (10.8) 36 (18.0) 0.60 (0.37-0.98) .039
Superficial 17 (8.3) 32 (16.0) 0.52 (0.30-0.91) .018
Deep 4 (2.0) 4 (2.0) 0.98 (0.25-3.87) .98
Organ space 1 (0.5) 2 (1.0) 0.49 (0.05-5.36) .62t
Sepsis 21 (10.3) 31 (15.5) 0.66 (0.40-1.12) 12
Bacteremia 2 (1.0) 1 (0.5) 1.96 (0.18-21.5) 57t
Catheter line infection 2 (1.0) 0 (0.0) — .50t

All data are n (%). The dash indicates that the RR cannot be determined. Bold indicates significant results.

*Patients could have >1 site of infection.
*Fisher's exact test.

length of stay with TXA (all P < .05) (Table 3). Hence, diabetes
promotes a partially refractory response to antifibrinolytic therapy.

Effect of cardiac surgery on innate immune cells and
T cells

We next determined the temporal effect of TXA vs placebo
administration on immune and inflammatory parameters in a sub-
group of 41 consecutive cardiac surgery patients (n = 19 placebo;
n = 22 TXA) recruited to the ATACAS trial."”

Cardiac surgery resulted in profound changes in the plasma
cytokine and cellular immune characteristics in the placebo group.
Eleven of the 14 myeloid and lymphoid cell subsets evaluated were
significantly modulated as a consequence of surgery (supplemental
Table 7). All 7 functional markers assessed on the myeloid subsets
were affected by surgery (supplemental Table 8). Also, 4 of the 7
functional markers for lymphoid subpopulations were significantly
altered by surgery (supplemental Table 9). Eight of the 10 cytokines
evaluated were significantly changed by cardiac surgery (ie, IL-10
increased 130-fold, and IL-6 increased 50-fold, whereas the immuno-
suppressive cytokine TGF-B was reduced by ~40%) (supplemental
Table 10).

The effect of TXA on myeloid and lymphoid cell
surface markers postsurgery

Despite the effect of cardiac surgery on the cellular immune profile,
TXA treatment significantly modified a number of these immune cell
parameters. Expression strength of the activation marker CD83
was increased relative to placebo-treated patients at POD-3 on
classical, intermediate (supplemental Figure 2), and nonclassical
monocytes, as well as on CD1c™® conventional dendritic cells
(cDCs) (Figure 1A-B). Expression of the activation marker CCR7 on
CD1c* cDCs was downregulated in placebo-treated, but not in
TXA-treated, patients at POD-3 (Figure 1C). CCR7 expression on
plasmacytoid dendritic cells (pDCs) was selectively and signifi-
cantly enhanced in TXA-treated patients at POD-1 (supplemental
Figure 2). The programmed cell death—inducing marker PD-L1 was
downregulated on nonclassical monocytes by TXA (Figure 1D).
Expression of PD-L1 on CD1c* cDCs was downregulated after
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surgery, with a trend toward a further reduction in expression
strength in TXA-treated patients at 24 hours (supplemental
Figure 2).

TXA significantly reduced the levels of CD4™" T cells, CD8" memory
T cells (Tmems) (Figure 1E-F), and it attenuated expression of
the suppressive (TGF-B-releasing) molecule LAP, as well as
CCRY?7, on regulatory T cells (Tregs) (Figure 1G-H). Conversely,
TXA administration increased CCR7 expression on natural killer
(NK) cells (Figure 11).

Together, these data show that TXA upregulates immune-enhancing
markers and downregulates immunosuppressive markers in
cardiac surgery patients, suggestive of improved immune compe-
tence. It is also important to note that this subgroup well reflected
our observations seen in the entire study population of 613
patients, because TXA treatment significantly reduced infection
rates in nondiabetic patients (P = .03).

TXA selectively induces changes to the cellular
immune profile in nondiabetic cardiac
surgery patients

We next compared the effect of TXA on immune marker levels in
nondiabetic and diabetic patients. Of the 41 patients evaluated in
Figure 1, 14 were diabetic (8 placebo, 6 TXA). In nondiabetic
patients, the activation marker CD83 was enhanced by TXA on
several myeloid subsets (classical [Figure 2A] and intermediate
[Figure 2B] monocytes and CD1c* c¢DCs [Figure 2C]) at POD-3,
whereas the immunosuppressive marker PD-L1 was downregu-
lated on CD1c™ cDCs (Figure 2D) and nonclassical monocytes
(Figure 2E), consistent with our findings on infection outcome. In
contrast, these effects were not present in the diabetic cohort
(Figure 2G-L). Indeed, PD-L1 even shows increased expres-
sion (significant in nonclassical monocytes [Figure 2K] and not
significant in CD1c™ c¢DCs [Figure 2J1) at POD-1. Furthermore,
expression of the immunosuppressive marker LAP on Tregs was
significantly reduced by TXA on POD-3 in nondiabetic (Figure 2F),
but not in diabetic (Figure 2L), patients. Hence, patients with

TXA REDUCES POSTSURGICAL INFECTION RATES 1601
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Outcome

<.001

1033 (700-1490)

730 (500-1130)

<.001

1090 (750-1560)

820 (550-1250)

Total mediastinal drainage, median (IQR), mL

<.001 .012

0.72 (0.64-0.82)

391 (48.5)

<.001 281 (35.2)

0.60 (0.54-0.66)

739 (48.8)

441 (29.2)

Blood transfusion up to 24 h after surgery, n (%)

.70

14

18 (2.2) 0.56 (0.26-1.21)

10 (1.3)

.003

0.47 (0.28-0.77)

47 (3.1)

22 (1.5)

Reoperation for bleeding or tamponade, n (%)

.31

.074

2 (2-4)

2 (1-4)

<.001

2 (2-4)

2 (1-3)

Total red cell transfusion, n (%), no. of units

HR (95% CI)

1.01 (0.91-1.11)

HR (95% CI)
1.09 (1.01-1.17)

Length of stays*

.22

.87

41 (22-71)

40 (22-72)

.022

29 (22-66)

26 (21-54)

ICU stay, h

.074

.54

0.97 (0.88-1.07)

9 (7-14)

90 (7-14)

.028

1.09 (1.02-1.17)

8 (6-14)

8 (6-12)

Hospital stay, d

These data have not been published previously. Bold indicates significant results.

HR, hazard ratio; ICU, intensive care unit; IQR, interquartile range.

*Length-of-stay data are not normally distributed; therefore, these were analyzed as times to events using Cox regression. The hazard ratio is the risk for discharge on any given day: an HR > 1 indicates a higher rate of discharge,

meaning a greater likelihood of discharge on a given day compared with placebo (ie, a shorter length of stay). The dash indicates that the risk ratio cannot be determined

diabetes are refractory to the stimulatory effects of TXA on the
innate cellular immune system.

Effect of TXA on the cytokine response postsurgery

TXA treatment attenuated the surgery-induced increase in levels of
the proinflammatory cytokine IL-1B at POD-1 compared with
placebo (Figure 1J), but it did not significantly alter levels of TNF-a,
IL-6, IL-8, MCP-1, IFN-y, IL-13, IL-10, TGF-B, or sTNFR2 (data not
shown).

TXA blocks plasmin activity in cardiac surgery

Cardiac surgery is known to increase levels of D-dimer as a result of
plasmin-mediated fibrinolysis.'*'® Accordingly, D-dimer levels were
significantly increased postoperatively and remained elevated up to
POD-3 in the placebo group. However, TXA completely inhibited
the postoperative increase in D-dimer, which was only significantly
elevated on POD-3, most likely because TXA had been cleared
at this point. Hence, plasmin activity postsurgery was effectively
inhibited by TXA (supplemental Figure 3).

Effect of TXA on the cellular immune profile in
healthy volunteers

We next determined the temporal effect of 1 g of TXA on levels
of plasma cytokines and the cellular immune profile in healthy
volunteers. TXA significantly reduced plasma levels of proinflam-
matory cytokines, with a decrease in TNF-a at 4 hours, as well as in
IL-6 between 2 and 24 hours (Figure 3). IFN-y levels were reduced
significantly at 2 hours and 4 hours, whereas the levels of IL-10
were reduced significantly only at 2 hours (Figure 3Ai). sSTNFR2
levels were significantly enhanced by TXA at 2 and 4 hours but
declined again at 24 hours (Figure 3Aii). Other cytokines (IL-1,
IL-8, MCP-1, IL-13, TGF-B) were not changed (supplemental
Table 11).

Blood was also evaluated for changes in multiple innate immune
cells and T cell subsets at 4 and 24 hours after TXA administration.
TXA did not result in significant changes in the numbers of the
evaluated cell subsets at the 4-hour time point, with the exception of
pDCs, which were transiently reduced by >50% (Figure 3B). At
the 24-hour time point, there were significant increases in the levels
of nonclassical monocytes (Figure 3B) and T cells overall, with selective
increases in CD4" and CD8™ T cells, as well as immunosuppressive
Tregs (Figure 4A). Classical monocytes and CD8" effector T cells
(Teffs) were also increased at 24 hours, albeit not significantly
(supplemental Table 12).

TXA significantly increased expression of the activation marker
CD83 on classical and intermediate monocytes, as well as on
CD1c* cDCs (Figure 3C). CD86 was not altered in any of the
assessed cell subsets (supplemental Table 13). In contrast to
CD83, surface expression of the maturation marker HLA-DR
was reduced after 24 hours on intermediate monocytes (already
at 4 hours) classical monocytes, and pDCs (Figure 3D). The
inflammatory site—associated migration marker CCR4 was un-
changed in all assessed myeloid subsets. In contrast, CCR7, which
promotes migration to secondary lymphatic organs, was signifi-
cantly reduced by TXA on classical and intermediate monocytes
(Figure 3E). TNFR2, mediating TNF-a signaling, was increased at 4
and 24 hours in classical and intermediate monocytes, as well as on
CD1c¢™ cDCs and pDCs at 24 hours after TXA intake (Figure 3F).
PD-L1 was significantly downregulated by TXA after 4 hours and
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Figure 1. TXA modulates myeloid and lymphoid cells, as well as plasma cytokines, in the immune response after cardiac surgery. Patients undergoing cardiac

surgery were treated with placebo or TXA, and the cellular immune response was characterized using flow cytometry before drug administration, as well as on POD-1 and

POD-3. (A) CD83 expression was significantly increased on nonclassical monocytes in the TXA group at POD-3. (B) CD83 on CD1c™ c¢DCs was downregulated to

a significantly lower extent in TXA-treated patients at POD-3. (C) TXA treatment also resulted in a significant relative increase in CCR7-expressing CD1¢™ ¢DCs. (D) Moreover,

TXA reduced expression of the programmed cell death inducing PD-L1 on nonclassical monocytes at POD-3. (E) CD4™" T cells were reduced significantly after cardiac

surgery, whereby the decrease was significantly greater in the TXA group at POD-1. (F) CD8" Tmem counts were also reduced at POD-1, but they remained reduced only in

the TXA-treated patients at POD-3. Expression of the latent TGF-B releasing LAP (G) and CCR7 (H) relative to baseline was significantly lower in TXA-treated patients at

POD-3. (I) In contrast, CCR7 expression on NK cells was significantly increased in the TXA group on POD-1. (J) Plasma levels of the proinflammatory cytokine IL-18 were

significantly reduced in the TXA group compared with placebo at POD-1. Data represent fold-change from preoperative (preOP) levels and are expressed as mean = standard
error of the mean. Placebo: n = 19, TXA: n = 22. #¥P < .05, **P < .01, #**P < 001, ¥#***P < .0001 vs preOP, 1-way ANOVA with Dunnett’s correction test for multiple

comparisons; *P < .05, placebo vs TXA, 2-tailed Student ¢ test.

even further after 24 hours on classical monocytes and intermediate
monocytes, as well as on CD1c™ c¢DCs and on the immunosup-
pressive MO-MDSC subset at 24 hours (Figure 3G).

Many lymphoid markers associated with immunosuppression,
migration, and cytokine signaling were significantly altered by TXA
(Figure 4). For example, CCR4, which mediates migration to sites of
inflammation, was downregulated after 24 hours in natural killer T
(NKT) cells, CD4™" T cells, CD8" T cells, and the CD8™" Teff and
Tmem subsets (Figure 4B). In contrast, CCR7 was not changed in
any of the assessed lymphocyte subsets (supplemental Table 14).
TNFR2 expression was mildly, but significantly, reduced on CD8*
Teffs after 4 hours, yet it returned to normal levels after 24 hours
(Figure 4C). Expression of PD-1, the receptor of PD-L1, was
enhanced on Tregs and CD8" Tmems (Figure 4D). Upregulation
was also observed in NKT cells, although this was not significant
(supplemental Table 14). CD95, also a death receptor, was rapidly
upregulated by TXA on NKT cells and CD4™ T cells after 4 hours
but returned to normal levels again at the 24-hour time point

€ blood advances 2s may 2019 - voLuME 3, NUMBER 10

(Figure 4E). CTLA4 expression was significantly reduced on NK
cells at 24 hours post-TXA intake. Augmented CTLA4 expression
was also evident on CD4" T cells at 4 hours (Figure 4F). LAP
expression was significantly reduced by TXA on NK cells, NKT cells,
CD4" T cells, and CD8" T cells, including CD8* Teffs, after
24 hours (Figure 4G).

Hence, administration of the normal clinical dosage of TXA in
healthy volunteers causes significant changes in multiple innate
immune cells and T cell subsets, in addition to reducing pro-
inflammatory cytokine levels, while increasing sTNFR2, which binds
and inhibits TNF-o."®

A summary of the effects of TXA on the immune response is
provided in Figure 5.

Discussion

The immunosuppressive effect of plasmin in animal models and
on human cells in vitro® led us to explore the consequences of
plasmin blockade by TXA on the immune response in patients
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Figure 2. TXA induces changes to the cellular immune profile in cardiac surgery patients, consistent with enhanced immune activation, selectively in patients
without diabetes. Results obtained with flow cytometry were analyzed separately for diabetic and nondiabetic patients. Consistent with our findings on infection outcome, the
activation marker CD83 was enhanced by TXA on several myeloid subsets (classical [A] and intermediate [B] monocytes and CD1c™ ¢cDCs [C]) at POD-3 in patients without
diabetes, whereas the immunosuppressive marker PD-L1 was downregulated on CD1c* cDCs (D) and nonclassical monocytes (E). (G-L) In contrast, these effects were not
seen in the diabetic cohort. In fact, PD-L1 even exhibited increased expression (significant in nonclassical monocytes [K], nonsignificant in CD1c* ¢DCs [J]) at POD-1. In
addition, expression of the immunosuppressive marker LAP on Tregs was significantly reduced by TXA on POD-3 in patients without diabetes (F) but not in patients with
diabetes (L). Data represent fold-change from preoperative (preOP) levels and are expressed as mean * standard error of the mean. Placebo: n = 11, TXA: n = 16 (patients

without diabetes); placebo: n = 8, TXA: n = 6 (patients with diabetes). *P < .05, **P < .01, 2-tailed Student ¢ test. ns, not significant.
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Figure 3. TXA changes plasma cytokine levels and functional marker expression on myeloid cell populations in healthy volunteers. Plasma cytokine levels and
expression of functional markers on myeloid cells were evaluated in healthy volunteers at various time points after administration of TXA. TXA significantly reduced plasma levels
of the proinflammatory cytokine TNF-a at 4 hours, as well as IL-6 between 2 hours and 24 hours. (Ai) Levels of the type 1 T helper cell cytokine IFN-y were significantly
reduced at 2 hours and 4 hours, and the levels of the type 2 T helper cell cytokine IL-10 were significantly reduced at 2 hours (n = 9). (Aii) sTNFR2 levels were significantly
enhanced by TXA at 2 hours and 4 hours but returned to baseline at 24 hours (n = 9). (B) Levels of circulating nonclassical monocytes were significantly enhanced by TXA
after 24 hours, whereas pDC levels were reduced after 4 hours, yet returned to baseline levels after 24 hours (n = 6). (C) TXA significantly increased expression of the
activation marker CD83 on classical and intermediate monocytes, as well as on CD1c* ¢DCs (n = 6). (D) The maturation marker HLA-DR was reduced at 24 hours on
intermediate monocytes (already at 4 hours), classical monocytes, and pDCs (n = 6). (E) CCR?7, indicating migration to secondary lymphatic organs, was significantly reduced
by TXA in classical and intermediate monocytes (n = 6). (F) TNFR2, mediating TNF-a signaling, was increased at 4 hours and 24 hours in classical and intermediate
monocytes and CD1c™ cDCs, as well as in pDCs at 24 hours after TXA intake (n = 6). (G) PD-L1, which induces programmed cell death in effector cells of the immune
system, was significantly downregulated by TXA after 4 hours and even further after 24 hours in classical monocytes and intermediate monocytes, as well as in CD1c* cDCs
and the immunosuppressive monocytic myeloid-derived suppressor cell (MO-MDSC) at 24 hours (n = 6). Data are expressed as mean * standard error of the mean.

*P < .05, **P < .01, **P < .001, repeated measures 1-way ANOVA with Dunnett's correction test for multiple comparisons.
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Figure 4. TXA changes levels of T cell subsets and functional marker expression on lymphoid cell populations in healthy volunteers. Expression of functional

markers on lymphoid subsets was evaluated in healthy volunteers at various time points after administration of TXA. (A) A marked increase was observed in the levels of CD4 ™"

T cells, including Tregs and CD8™ T cells (n = 7). (B) CCR4, which mediates migration to sites of inflammation, was upregulated after 24 hours in NKT cells, CD4™" T cells,

CD8™ T cells, and the CD8™ Teff and Tmem subsets (n = 7). (C) TNFR2 expression was significantly reduced on CD8™ Teffs after 4 hours, yet it returned to normal levels

after 24 hours (n = 7). (D) Expression of PD-1, the receptor of PD-L1, which mediates programmed cell death upon activation, was enhanced on Tregs and CD8* Tmems

(n = 7). (E) CD95, another death receptor, was rapidly upregulated by TXA on NKT cells and CD4 " T cells after 4 hours but had returned to normal levels at the 24-hour
time point (n = 7). (F) Augmented CTLA4 expression was evident on CD4" T cells at 4 hours and on NK cells at 24 hours post-TXA intake (n = 7). (G) The TGF-B releasing
LAP was expressed significantly more weakly on NK and NKT cells, as well as CD4" and CD8™" T cells, including CD8™ Teffs, 24 hours after TXA intake (n = 7). Data

are expressed as mean =+ standard error of the mean. *P < .05, **P < .01, repeated-measures 1-way ANOVA with Dunnett’s correction test for multiple comparisons.

undergoing cardiac surgery and in healthy volunteers. Although it
was not our expectation that TXA would produce identical
changes in the immune cell profile in volunteers and cardiac
surgery patients, given that the surgical procedure alone would
have induced a profound effect, it is very interesting to note that
TXA did indeed increase the activation marker CD83, while
simultaneously decreasing the key immunosuppressive marker
PD-L1, on multiple myeloid cell subsets in patients and
volunteers. These changes are consistent with TXA administra-
tion causing a more robust immune response. Supporting this
key finding, TXA resulted in a significant reduction in the
frequency of postsurgery infection rates, despite administration
of prophylactic antibiotic treatment.

Because the current indication for TXA administration is to reduce
bleeding and the need for transfusion, we considered the possibility
that the reduction in postsurgical infection rates by TXA was due to
its hemostatic effects.!” However, the beneficial effect of TXA was
independent of transfusion, as well as its effect on blood loss.
Therefore, we propose that the reduction in infection rates by TXA
was due to its capacity to counteract the early immunosuppressive
action of plasmin, formed as a consequence of surgical trauma. Our
evaluation of D-dimer levels confirmed that plasmin activity had
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been significantly increased postsurgery, but this did not occur in
patients administered TXA.

The confounding effect of diabetes

We evaluated the effects of TXA on infection rates and transfusion
requirements/blood loss in patients with and without diabetes
because of the association of diabetes with increased infection risk
and the fact that the fibrinolytic system is impaired in diabetes. This
occurs not only because of increased levels of antifibrinolytic
proteins'® but also because plasminogen is glycated and poorly
activatable.'® This line of investigation led to 2 critically important
findings. The first was the complete failure of TXA to reduce
postoperative infection rates in patients with diabetes; indeed,
this analysis more impressively highlighted the ability of TXA to
reduce infection rates in nondiabetic patients in whom health
care—associated infection rates overall were reduced by >300%.
Importantly, TXA failed to modulate expression of the classic
immune markers CD83, PD-L1, and LAP in the diabetic cohort.
Although TXA significantly reduced blood transfusion needs in
patients with diabetes, this effect was significantly less than the one
seen in nondiabetic patients. Hence, this weaker effect of TXA in
patients with diabetes may explain why TXA was ineffective at
reducing infection rates in this patient cohort. On the other hand,

28 MAY 2019 - VOLUME 3, NUMBER 10 € blood advances



Voluntes g s urasry volunteers, surgery lunt
volunteers  surge
voluntoers surgery | COSST | C0ssT OUTIOETS ZUREH) veluneers surgery wolypioers siiger
CD831 cD83T CCRTL numberm | PBALIY PD-L1{ | no effect TNFR2 1 | CCR7T
HLA-DR TNFR2T PD-L1 | | PD-L1J
COR74 PD-L1{
TNFR2T volunteers surgery
PD-L1{ cell numberd CCR71
‘ HLA-DRV
N MO-MDSC TNFR2T
non-class. monocyte CD1c+ cDC
intermed. monocyte \
class. monocyte
i \ pDC
Cytokines CD8+ T cell
volunteers surgery
anFa!l dlipl B
L6 &
aFNy | CD4+ T cell
IL-10 4 cell number™
(TNFR)T CCR44 | no effect
NKT cell LAP!
Treg NK cell volunteers ' surgery
cell number T | cell CD8+ Teff ChEsyme
CCR4{ |numberd
CD95T
CTLA4T CCR44
cell numberT| cellL LAP { CTLA4? no effect
L | no effect cbost
BT E;J\n;bfri volunteers' surgery C'(-;ARP? 3 LAP 4 CCR44 CCR4! | cell I
volunteer r no effect PD-11 | number
volunteers ' surgery volunteers surgery VOIUNteers surgery TnFR2l
LAP | volunteers surgery
volunteers surgery

Figure 5. Summary of the effects of TXA treatment in healthy volunteers and surgery patients. TXA administration causes marked alteration in a variety of plasma

cytokine levels, numbers of immune cells, and/or expression of key markers associated with immune activation and immunosuppression.

the effect of TXA on mediastinal drainage was similar in the diabetic
and nondiabetic groups, suggesting that TXA was stabilizing
local fibrin deposits similarly in the 2 groups. This supports our
hypothesis that the differential effect of TXA on infection rates in
patients with diabetes is not related to the hemostatic effect of
this drug.

This is the first study to report that diabetic patients are partially
refractory to TXA treatment, suggesting that other antifibrinolytic
approaches might need to be considered for patients with diabetes
prior to surgery.

Immune modulation in healthy volunteers

The final aspect of our study was to evaluate the effect of TXA in
healthy volunteers to avoid the confounding effects of bleeding and
surgical trauma. Volunteers were administered the more common
dosage (1 g) of TXA (ie, as used for tooth extractions in hemophilia
patients).2° Despite the lower dosage compared with the cardiac
surgery cohort, TXA still significantly modulated various cytokines
(ie, TNF-a, IL-6, IFN-y, IL-10) and cellular immune markers (ie,
CD83, HLA-DR, CCR4, CCR7, TNFR2, PD-L1, PD-1, CD95,
CTLA-4, LAP), further indicating a role for steady-state plasmin
levels in the promotion of a quiescent immune state.'® Given the
significant increase in circulating CD4" and CD8" T cells at
24 hours postadministration, the counteracting effect of TXA is also
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consistent with an immune-priming effect, creating the potential for
a more responsive immune system. These changes were specific to
TXA and not due to circadian fluctuations, because results were
consistent across the participants in this study, and volunteers not
treated with TXA did not display any differences over 24 hours in
our previously published validation experiments.'?

An important question relates to how TXA is implementing these
effects on the immune response. Plasminogen is known to be
essential for wound repair.?’ Moreover, plasminogen supplemen-
tation has been shown to accelerate wound-repair processes.??2*
Hence, inhibition of plasminogen activation by TXA, albeit tran-
siently, may have temporarily retarded the wound-repair process,
potentially increasing infection risk; however, because the opposite
effect was seen, this is unlikely.

The potential immunological effects of TXA are diverse, but lysine
binding site—dependent plasmin generation on the cell surface has
been shown to be inhibited by TXA.2%2€ More than 12 plasminogen
receptors have been described,?” with many expressed on
monocytes and macrophages, including the recently described
Plg-Rkr.2® Plasminogen binding to this receptor (and various other
receptors) is lysine dependent and blocked using lysine analogs.?®
Plg-Rkr is also a transmembrane protein containing a cytoplasmic
tail that can potentially initiate intracellular signaling and influence
cellular responses when bound to plasminogen®®; this would also
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be blocked by TXA. Our D-dimer data show that the concentration
of TXA used in our study inhibited fibrinolysis; hence, lysine-
dependent binding of plasminogen to fibrin was also blocked.
Therefore, it is likely that binding of plasminogen to =1 of its
receptors via a lysine binding site, which, in turn, would have
immunosuppressive consequences, would also have been inhibited. It
would be interesting to determine whether cell surface plasminogen
binding was reduced by TXA to support this notion.

Another key question is whether the TXA-dependent modulation of
the markers of the innate immune response is actually causative in
relation to infection risk. Although highly plausible, this still has
not been demonstrated directly. Our finding that TXA modu-
lated expression levels of the same markers in healthy volunteers
not undergoing surgical trauma or experiencing infection further
strengthens the hypothesis that these immune changes precede
the onset of infection.

In summary, TXA administration changed plasma cytokine levels,
as well as the number and surface marker expression of circulat-
ing leukocytes. Among at-risk patients undergoing coronary ar-
tery surgery, the use of TXA significantly reduced postoperative
infection rates in patients without diabetes, independent of its effect
on transfusion and blood loss. This finding has profound clinical
implications that could potentially broaden the scope of TXA usage.

Acknowledgments

The authors thank Catherine Farrington, Wendy Gallagher, and
Andrea Ditoro (Department of Anaesthesia and Perioperative
Medicine, Alfred Hospital) for support; Peter Grant (Faculty of
Medicine and Health, University of Leeds) for insightful discussions;
the Alfred Medical Research and Education Precinct (AMREP) Flow
Cytometry Core Facility for technical assistance with the flow
cytometry experiments; the volunteers for their participation and
blood donation for this investigation; and Tom Chung (Crux Biolab)
for performing the multiplex cytokine assays.

This work was supported by grant APP1045755 from the
National Health and Medical Research Council (NHMRC) of

References

Australia (RLM.) and by the Alfred Foundation. The healthy
volunteer study was funded by the Australian Haemophilia Centre
Directors Organisation. P.S.M. is an NHMRC Practitioner Fellow,
M.P. is an NHMRC Senior Research Fellow, and R.L.M. is an
NHMRC Principal Research Fellow.

Authorship

Contribution: D.F.D. conceived the project, performed experiments,
analyzed data, collected and processed blood, and wrote and edited
the manuscript; K.Y. and A.W. performed clinical data collection and
analysis; S.W. and L.M.W. performed clinical sample collection and
provided logistic support for the trial; G.H. collected and processed
blood and processed data; M.D. and H.H. performed experiments
and processed data; A.F. performed statistical analysis; M.P.
designed flow cytometry experiments, analyzed data, and edited the
manuscript; I.G. collected blood samples and provided logistics
support for volunteer blood sample collection; H.T. collected blood
samples, provided logistics support for volunteer blood sample col-
lection, and edited the manuscript; M.S. conceived the project;
P.S.M. conceived the project, analyzed data, provided logistics
support for the trial, performed statistical analysis, and wrote and
edited the manuscript; and R.L.M. conceived the project, analyzed
data, and wrote and edited the manuscript.

ORCID profiles: D.F.D., 0000-0002-6826-0058; M.S., 0000-
0002-9712-4784; H.A.T., 0000-0003-1989-959X; M.P., 0000-
0001-6889-3667; P.S.M., 0000-0002-3324-5456; R.L.M., 0000-
0001-6885-3892.

Conflict-of-interest disclosure: The authors declare no compet-
ing financial interests.

Correspondence: Robert L. Medcalf, Molecular Neurotrauma
and Haemostasis, Australian Centre for Blood Diseases, Monash
University, Melbourne, VIC 3004, Australia; e-mail: robert. medcalf@
monash.edu.

1. McCormack PL. Tranexamic acid: a review of its use in the treatment of hyperfibrinolysis. Drugs. 2012;72(5):585-617.
Draxler DF, Medcalf RL. The fibrinolytic system-more than fibrinolysis? Transfus Med Rev. 2015;29(2):102-109.

3.  Syrovets T, Tippler B, Rieks M, Simmet T. Plasmin is a potent and specific chemoattractant for human peripheral monocytes acting via a cyclic guanosine

monophosphate-dependent pathway. Blood. 1997;89(12):4574-4583.

4. Li X, Syrovets T, Genze F, et al. Plasmin triggers chemotaxis of monocyte-derived dendritic cells through an Akt2-dependent pathway and promotes
a T-helper type-1 response. Arterioscler Thromb Vasc Biol. 2010;30(3):582-590.

5.  Syrovets T, Jendrach M, Rohwedder A, Schiile A, Simmet T. Plasmin-induced expression of cytokines and tissue factor in human monocytes involves
AP-1 and IKKbeta-mediated NF-kappaB activation. Blood. 2001;97(12):3941-3950.

6. Sugimoto MA, Ribeiro ALC, Costa BRC, et al. Plasmin and plasminogen induce macrophage reprogramming and regulate key steps of inflammation

resolution via annexin A1. Blood. 2017;129(21):2896-2907.

7. Rosenwald M, Koppe U, Keppeler H, et al. Serum-derived plasminogen is activated by apoptotic cells and promotes their phagocytic clearance.

J Immunol. 2012;189(12):5722-5728.

8. Borg RJ, Samson AL, Au AE, et al. Dendritic Cell-Mediated Phagocytosis but Not Immune Activation Is Enhanced by Plasmin. PLoS One. 2015;10(7):

e0131216.

9. Das R, Ganapathy S, Settle M, Plow EF. Plasminogen promotes macrophage phagocytosis in mice. Blood. 2014;124(5):679-688.

10. Draxler DF, Lee F, Ho H, Keragala CB, Medcalf RL, Niego B. t-PA suppresses the imnmune response and aggravates neurological deficit in a murine model

of ischemic stroke. Front Immunol. 2019;10:591.

1608 DRAXLER et al

28 MAY 2019 - VOLUME 3, NUMBER 10 € blood advances


http://orcid.org/0000-0002-6826-0058
http://orcid.org/0000-0002-9712-4784
http://orcid.org/0000-0002-9712-4784
http://orcid.org/0000-0003-1989-959X
http://orcid.org/0000-0001-6889-3667
http://orcid.org/0000-0001-6889-3667
http://orcid.org/0000-0002-3324-5456
http://orcid.org/0000-0001-6885-3892
http://orcid.org/0000-0001-6885-3892
mailto:robert.medcalf@monash.edu
mailto:robert.medcalf@monash.edu

11.

12.

13.

14.
15.

16.

17.

18.
19.

20.

21.
22.

283.

24,
25.

26.

27.
28.

29.

Myles PS, Smith JA, Forbes A, et al; ATACAS Investigators of the ANZCA Clinical Trials Network. Stopping vs continuing aspirin before coronary artery
surgery. N Engl J Med. 2016;374(8):728-737.

Myles PS, Smith JA, Forbes A, et al; ATACAS Investigators of the ANZCA Clinical Trials Network. Tranexamic acid in patients undergoing coronary-artery
surgery. N Engl J Med. 2017;2017(376):136-148.

Draxler DF, Madondo MT, Hanafi G, Plebanski M, Medcalf RL. A flowcytometric analysis to efficiently quantify multiple innate immune cells and T cell
subsets in human blood. Cytometry A. 2017;91(4):336-350.

Cesarman-Maus G, Hajjar KA. Molecular mechanisms of fibrinolysis. Br J Haematol. 2005;129(3):307-321.

Faraoni D, Cacheux C, Van Aelbrouck C, Ickx BE, Barvais L, Levy JH. Effect of two doses of tranexamic acid on fibrinolysis evaluated by
thromboelastography during cardiac surgery: a randomised, controlled study. Eur J Anaesthesiol. 2014;31(9):491-498.

Xanthoulea S, Pasparakis M, Kousteni S, et al. Tumor necrosis factor (TNF) receptor shedding controls thresholds of innate immune activation that
balance opposing TNF functions in infectious and inflammatory diseases. J Exp Med. 2004;200(3):367-376.

Rohde JM, Dimcheff DE, Blumberg N, et al. Health care-associated infection after red blood cell transfusion: a systematic review and meta-analysis.
JAMA. 2014;311(13):1317-1326.

Alzahrani SH, Ajjan RA. Coagulation and fibrinolysis in diabetes. Diab Vasc Dis Res. 2010;7(4):260-273.

Ajjan RA, Gamlen T, Standeven KF, et al. Diabetes is associated with posttranslational modifications in plasminogen resulting in reduced plasmin
generation and enzyme-specific activity. Blood. 2013;122(1):134-142.

Forbes CD, Barr RD, Reid G, et al. Tranexamic acid in control of haemorrhage after dental extraction in haemophilia and Christmas disease. BMJ. 1972;
2(5809):311-313.

Romer J, Bugge TH, Pyke C, et al. Impaired wound healing in mice with a disrupted plasminogen gene. Nat Med. 1996;2(3):287-292.

Shen Y, Guo Y, Mikus P, et al. Plasminogen is a key proinflammatory regulator that accelerates the healing of acute and diabetic wounds. Blood. 2012;
119(24):5879-5887.

Shen Y, Guo Y, Wilczynska M, Li J, Hellstrom S, Ny T. Plasminogen initiates and potentiates the healing of acute and chronic tympanic membrane
perforations in mice. J Trans/ Med. 2014;12(1):5.

Sulniute R, Shen Y, Guo YZ, et al. Plasminogen is a critical regulator of cutaneous wound healing. Thromb Haemost. 2016;115(5):1001-1009.

Miles LA, Dahlberg CM, Plescia J, Felez J, Kato K, Plow EF. Role of cell-surface lysines in plasminogen binding to cells: identification of alpha-enolase as
a candidate plasminogen receptor. Biochemistry. 1991;30(6):1682-1691.

Wygrecka M, Marsh LM, Morty RE, et al. Enolase-1 promotes plasminogen-mediated recruitment of monocytes to the acutely inflamed lung. Blood. 2009;
113(22):5588-5598.

Miles LA, Parmer RJ. Plasminogen receptors: the first quarter century. Semin Thromb Hemost. 2013;39(4):329-337.

Andronicos NM, Chen El, Baik N, et al. Proteomics-based discovery of a novel, structurally unique, and developmentally regulated plasminogen receptor,
Plg-RKT, a major regulator of cell surface plasminogen activation. Blood. 2010;115(7):1319-1330.

Lighvani S, Baik N, Diggs JE, Khaldoyanidi S, Parmer RJ, Miles LA. Regulation of macrophage migration by a novel plasminogen receptor Plg-R KT. Blood.
2011;118(20):5622-5630.

€ blood advances 2s may 2019 - voLuME 3, NUMBER 10 TXA REDUCES POSTSURGICAL INFECTION RATES 1609



