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Abstract

Background—~Previously we have shown that volatile anesthetic isoflurane attenuated
neutrophil recruitment and phagocytosis in mouse sepsis and skin inflammation models. The
objectives of this study were to test ex vivo function of neutrophils in patients who underwent
cardiac catheterization under volatile anesthesia versus intravenous anesthesia (1A), and also to
assess the effect of anesthesia on surgical site infections (SSIs) using mouse model to understand
the clinical relevance of anesthesia-induced immunomodulation.

Methods—Whole blood from patients who underwent cardiac catheterization procedures either
by volatile anesthesia or 1A was collected and subjected to phagocytosis assay and a
lipopolysaccharide-induced tumor necrosis factor-a assay. Mouse SSI with Staphylococcus aureus
USA300 was created, and the effect of isoflurane and propofol exposure (short or long exposure)
on bacterial loads was tested.

Results—Neutrophil phagocytosis was significantly attenuated after the induction of volatile
anesthesia in patients, but not by 1A. Monocyte phagocytosis was not affected by the anesthesia
regimen. Bacterial loads following SSls were significantly higher in mice receiving long, but not
short, isoflurane exposure. Propofol exposure did not affect bacterial loads.

Discussion—Neutrophil phagocytosis can be affected by the type of anesthesia, and preclinical
model of SSIs showed potential clinical relevance. The effects of anesthesia regimen on SSls in
patients needs to be studied extensively in the future.
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Introduction

Phagocytes are cells that ingest harmful particles and bacteria to protect the host and include
an array of innate immune cells such as neutrophils, monocytes, macrophages, and dendritic
cells. These professional phagocytes express surface receptors that assist clearance of a wide
range of microbial pathogens and their products, including toll-like receptors (TLRS), Fc
receptors, and C3b receptors.12 Phagocytes are also important sources of pro- and anti-
inflammatory cytokines, which help to regulate the host immune response. Thus, phagocytes
are considered to be the front-line defense cells.3 Because perioperative infections, such as
surgical site infections (SSIs) result in significant morbidity, mortality, and financial
burdens,* it is of great interest to understand the factors that potentially affect the behavior
of these professional phagocytes in the perioperative setting, thereby mitigating the risk of
infection.

The effect of anesthetics on the immune system was described more than a century ago
when Graham reported that ether anesthesia significantly inhibited leukocyte phagocytosis
of streptococci.8 This observational study did not lead to subsequent investigations by others
for a long time, but recently there is a renewed interest in understanding the effect of
anesthetics on immune cells.®~11 Ether is no longer used in clinical practice, but its
derivatives isoflurane and sevoflurane are the main volatile anesthetics (VAS) in clinical use.
We previously showed that isoflurane exposure attenuated the recruitment and phagocytic
capacity of neutrophils in mouse experimental abdominal sepsis and skin inflammation
models.12:13 Neutrophils are initial responders in surgical procedures during which
anesthesia is provided, and their adequate function is critical to control SSIs.14 However,
studies that directly examine the effect of different anesthetics on phagocytes, including
neutrophils, in surgical patients are limited. Therefore, the objective of this study was to test
if VAs would affect phagocyte function in patients. Because anesthesia for younger pediatric
patients are often induced and maintained by VAs, we studied ex vivo phagocyte function in
these patients under VVA-based anesthesia. We also included an intravenous anesthesia (1A)
group as a comparator. An additional study objective was to assess the clinical relevance of
anesthesia-induced immunomodulation by using a clinically relevant mouse SSI model.

Materials and methods

Study design and sample collection

In this study, we compared the effect of volatile anesthesia and 1A on neutrophil function in
patients who underwent routine cardiac catheterization procedures between November 2014
and January 2017. The study was approved by the Institutional Review Board at Boston
Children’s Hospital, and written informed consent was obtained from all patients. The study
was registered in ClinicalTrials.gov () and carried out in accordance with Declaration of
Helsinki. We included patients greater than or equal to 1 y of age for the study because the
maturation of phagocytes may take up to 1y of age.1516 We excluded patients with
noncardiac comorbidities such as known underlying hematological disorders, known
oncological disorders, or cyanotic heart disease. In addition, we excluded patients who did
not require preoperative laboratory testing or preoperative intravenous catheter insertion.
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From electronic medical records, we obtained the age, weight, primary diagnosis, procedure,
comorbidities, list of regular medications, preoperative complete blood count with
differential (if available), American Society of Anesthesiologist physical status, and
medications administered intraoperatively. The function of phagocytes for each patient was
assessed at two different time points. The initial time point was at the preoperative blood
draw or for some patients at the preoperative intravenous line insertion. The secondary time
point was 1 h after the induction of anesthesia. As parameters of phagocyte function, we
measured phagocytosis and lipopolysaccharide (LPS)-induced tumor necrosis factor (TNF)-
a production. In addition, the activation level of phagocytes at the time of blood collection
was probed by testing CD18 and m24 expression levels. The method for each assay is
described in the following. For the VA group, patients underwent mask induction with
sevoflurane. Once induced, anesthesia was maintained with sevoflurane (end-tidal
concentration of 1.0%—-2.5%) or isoflurane (end-tidal concentration of 0.3%-1.1%). For the
IA group, an intravenous catheter was placed preoperatively. Anesthesia was induced and
maintained with propofol infusion. One hour after anesthesia, blood was collected in
heparin-containing tubes. At the time of intraoperative blood collection, none of patients had
received catheter intervention by cardiologists yet. Assays were initiated within 30 min of
sample collection.

Phagocytosis assay

Phagocytosis assay was performed using Phagotest (Glycotope Biotechnology; Berlin,
Germany) per the company protocol with minor modification. Phagotest is a widely used
phagocytosis assay for clinical samples.17~19 Briefly, 50 uL of heparinized whole blood was
incubated with 2.5 L of opsonized and fluorescein isothiocyanate (FITC)-labelled
Escherichia coli (E coli) at 37°C for 5 min. Negative controls were kept on ice. After
quenching, samples were centrifuged and washed. After blood erythrocytes were lysed with
FACS lysis solution (BD Biosciences; Billerica, MA), samples were subjected to flow
cytometry analysis. Granulocytes and monocyte population were gated by forward and side
scatter analysis. Phagocytosis percentage was defined as [the number of FITC positive
granulocytes (or monocytes)/the number of granulocytes (or monocytes)] x 100 (%).

Ex vivo TNF-a production assay

The capacity of the subjects’ phagocytes to respond to a challenge was also tested by using
an ex vivo TNF-a production assay as previously described.29 Monocytes are the primary
producers of TNF-a.. Briefly, 50 uL of whole blood collected in a heparinized tube was
incubated with 500 pg/mL of LPS (O111:B4, purified by phenol extraction; SigmaeAldrich,
St. Louis, MO) and incubated for 4 h at 37°C. After centrifugation, the plasma was subjected
to TNF-a measurements using a human TNF-a ELISA kit (R&D systems; Minneapolis,
MN) per the company protocol.

CD18 and m24 expression on neutrophils

After Fc blocking, whole blood was incubated with anti-human CD18-phycoerythrin
antibody (Biolegend; San Diego, CA) and anti-human m24-FITC antibody (kindly provided
by Professor Nancy Hogg, London Research Institute). After blood erythrocytes were lysed
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with FACS lysis solution, samples were subjected to flow cytometry analysis. Granulocytes
and monocyte populations were gated from forward and side scatter analysis.

Wild-type mice on the C57BL/6 background were purchased from the Jackson Laboratory
(Bar Harbor, ME) and housed under specific pathogen-free conditions with 12-h light and
dark cycles. Male mice at 8-10 wk of age were used for the experiments.

Mouse USA300 wound infection model and bacterial loads

All the experimental procedures complied with institutional and ARRIVE guidelines
regarding the use of animals in research,?! and were approved by our institution’s animal
care and use committee. The deep wound SSI model was previously reported.22:23 Briefly,
mice were anesthetized with ketamine/xylazine anesthesia. The hair over the thigh muscle
was shaved and disinfected. Then a 1-cm incision was made with a scalpel directly into the
thigh muscle to the depth of the femur. One silk suture was placed in the muscle. S aureus
(USA300, 103 CFU/3 mL, USA300 was kindly provided by Dr Jean C. Lee, Brigham and
Women’s Hospital) was added into the incision under the suture. Once the incision and the
skin were closed, mice were either exposed to isoflurane (0.8%) or propofol (10 mg/kg/h)
for 2 or 6 h in randomized fashion. Postoperative pain was treated with subcutaneous
buprenorphine. The mice were euthanized 72 h after the S aureus inoculation, and bacterial
loads in the wounds were assessed by plating tissue homogenates on blood agar plates for
quantitative culture.

Statistical analysis

Results

Statistical analysis was performed with PRISM5 software (La Jolla, CA) using the Mann—
Whitney test or the Kruskal-Wallis test. Data were shown as median and interquartile range,
and P < 0.05 was considered statistically significant.

Demographics of patients and preoperative phagocyte counts

Demographics of patients enrolled in the study are shown in Table. Patients in the VA group
were younger than those in the IA group. Because inhalational induction with VA is
typically offered to younger children to mitigate fear for preoperative intravenous catheter
insertion, this result was in line with our expectation. Preoperative neutrophil, granulocyte,
and monocyte counts were not significantly different between the VA and 1A groups
(Supplemental Fig. 1A-C).

The VA group showed reduced phagocytosis by granulocytes, but not by monocytes

We compared preoperative and intraoperative phagocytosis by granulocytes and monocytes.
VA exposure was associated with significant reductions in phagocytosis by granulocytes
(Fig. 1A), but not by monocytes (Fig. 1B). We observed no significant differences in
phagocytosis by granulocytes or monocytes with 1A exposure (Fig. 1C and D). We
compared the preoperative granulocyte and monocyte phagocytosis between VA and 1A
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group and did not see any difference between the two groups (Fig. 1E and F). This is
consistent with our finding that there was no correlation between age and phagocytosis in
study patient population (Fig. 1G).

TNF-a response to LPS in patient blood before and after anesthesia

We used activation of the TLR pathway by LPS as a readout of phagocyte responsiveness.
TNF-a is a major proinflammatory mediator and is predominately produced by monocytes
after LPS challenge.29 LPS-mediated TNF-a production was significantly attenuated in the
both the VA group (Fig. 2A) and the 1A group (Fig. 2B) after anesthesia.

Preoperative and intraoperative CD18 and m24 expression levels

Phagocytes express a number of cell adhesion molecules on their cell surface. CD18 pairs
with one of four different CD11 molecules (CD11a, CD11b, CD11c, or CD11d) to form
leukocyte adhesion molecules called B2 integrins.2* The surface expression level of B2
integrins increases on neutrophil and monocyte activation.2526 Furthermore, they change
conformation on neutrophil activation to facilitate binding to their ligands. Antibody m24
recognizes an epitope exposed on CD18 on activation.2’” CD18 expression was reduced on
both granulocytes and monocytes after exposure to VA (Fig. 3A and B) but was unchanged
in the 1A group (Fig. 3C and D). There was no significant alteration in m24 expression in
either the VA or 1A groups after anesthesia (Fig. 3E and H).

Isoflurane exposure was associated with higher bacterial loads in experimental wounds
than propofol

SSls are the most common nosocomial infection in the United States. S aureus is the most
common microbial species involved in SSIs,28 and methicillin-resistant S aureus (MRSA)
strains predominate in nosocomial infections.2%-30 Our data indicate that mice exposed to
isoflurane for 6 h had significantly higher MRSA USA300 bacterial loads in the wound
tissue than mice given no isoflurane (control) or exposed to isoflurane for only 2 h (Fig. 4A).
Mice given propofol for 2 or 6 h had bacterial loads in the tissues similar to those given no
propofol (Fig. 4B).

Discussion/conclusions

In this study, we found that patients who received VA were associated with reduced
phagocytosis by granulocytes, in line with previous animal experiments reported by our
group and others.1213:31 |nterestingly, we did not see any difference in phagocytosis by
monocytes. In addition, we did not observe any difference in phagocytosis in the 1A group.
The responsiveness of phagocytes in patient blood was probed by TNF-a production
induced by LPS, and this response was attenuated in both the VVA and I A groups.

Several investigators have examined the degree of phagocytosis using intraoperative

samples. Heine er a/.1° examined the effect of isoflurane and propofol general anesthesia on
patients (median age 38 y old) who underwent elective super-selective embolization due to
arteriovenous malformation. After 4 h of anesthesia, the mean granulocyte phagocytosis of £
coliwas 93.2% and 94.3% in the propofol and isoflurane arms, respectively. Procedural
stress response could have been elicited by the 4-h time point, which could affect the
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baseline activation profile of neutrophils. In addition, the isoflurane arm was initially
induced with propofol, suggesting that there was a crossover of anesthetic medication. In our
study, the VA arm was induced and maintained without propofol, and blood was collected at
1 h after anesthesia induction, when we did not see any phenotypic difference in phagocytes
probed by m24 expression. Kotani et a/32 evaluated the phagocytosis of alveolar
macrophages obtained by bronchoalveolar lavage during orthopedic surgery under isoflurane
or propofol anesthesia. In both groups, alveolar macrophage phagocytosis was attenuated in
a time-dependent manner. Isoflurane anesthesia attenuated phagocytosis slightly more than
propofol anesthesia. One of the interesting findings in our study was that the VVA group
showed lower phagocytosis by granulocytes during the intraoperative period, but not by
monocytes. We probed the activation level of granulocytes and monocytes using an m24
antibody. We did not observe any differences between preoperative and intraoperative
activation levels at the two time points. Both neutrophils (majority of granulocyte
constituents) and monocytes are myeloid cells.33 Phagocytosis is largely divided into
opsonic phagocytosis via Fc receptor family and complement receptors, nonopsonic
phagocytosis via macrophage receptor with collagenous structure (MARCO) and
nonspecific phagocytosis via TLRs.3# Although neutrophils and monocytes share various
receptors and show functional similarity, there are some differences. While monocytes
express FcyRI (CD64) constitutively, neutrophils express this only in response to
inflammatory stimuli. Also monocytes express MARCO.3® Thus monocytes may have
more phagocytosis machinery than neutrophils, which might have contributed to the
difference between granulocytes and monocytes in our results in the VA group. Identifying
how isoflurane attenuated phagocytosis of granulocytes would provide an insight to this
answer.

Monocytes are categorized by their surface expression of CD14 and CD16 into classical
(CD14*/CD167), intermediate (CD14*/CD16"), and nonclassical (CD14%M/CD16")
monocytes.36-38 Classical monocytes are primarily phagocytic, consisting of ~90% of
monocytes. Intermediate and nonclassical monocytes constitute 2%~3% and 7%~8% of
monocytes, respectively, and they primarily produce cytokines. In our ex vivo study, VAs
and propofol significantly attenuated TNF-a production in response to LPS. LPS stimulates
TLR4 and activates nuclear factor-xB (NFxB) for TNF-a production. Sevoflurane inhibits
NF«xB activation.3 Similarly, isoflurane exposure attenuates TLR4 signaling.? These
results are in line with our findings. Propofol also attenuates TLR4-mediated NFxB
signaling and suppresses TNF-a. production by LPS-stimulated macrophages.*! These
results are in line with the report that VAs and propofol have anti-inflammatory properties.*?

Previously Koo et al*3 retrospectively compared the incidence of SSI after colorectal
surgery anesthetized by VVAs versus propofol in a propensity-matched groups. They found
that the VA group had a higher incidence of SSls. Also, the prospective study by von
Dossow er al** showed that isoflurane-based anesthesia was associated with an increased
incidence of postoperative infection over propofol-based anesthesia in a small number of
alcoholic patients undergoing abdominal surgery. In this study, we did not evaluate the
clinical outcome after cardiac catheterization. Because the heterogeneity of the patients’
underlying diseases and operative courses could affect infection in clinical studies, and the
incidence of SSls is ~3%,%> we would need a larger number of patients for assessment.
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Instead, we attested to the clinical relevance of anesthesia in a preclinical SSI infection
model. We showed that the longer-exposure VA arm was associated with higher bacterial
loads than the propofol group, suggesting that selection of anesthetics could affect the course
of infection. Short exposures did not affect differences in bacterial loads. Although the half-
life of VAs is very short, we expect that the neutrophil function would be hindered for the
duration of exposure. Because S aureus can grow exponentially with a relative short
doubling time, the duration for the longer exposure might have been long enough to make a
difference in S aureus bacterial loads in the wounds by the end of exposure in comparison
with control arm. In line with this notion, it has been reported that SSI can establish within a
few hours.® Approximately 400,000 SSls occur each year with the aggregate annual cost of
$3.5 to $10.1 billion.® Thus our findings are potentially significant, and further analysis of
the underlying mechanism is warranted.

One limitation of this study is that patients received additional medication other than VAs
and propofol. Although we primarily tried to evaluate the effect of VAs on phagocytes, a
bolus dose of fentanyl (1-2 mcg/kg) and also muscle relaxants were used in most cases.
Fentanyl has not shown any effect on phagocytosis in vitro.*” The effect of muscle relaxants
on phagocytosis has not been reported, and both the VA and propofol arms received these
medications. Thus it is very unlikely that they would be responsible for phenotypic
differences between the VA and IA groups. We have chosen patients who underwent cardiac
catheterization procedures because these procedures do not pose a significant stress
response, and it is easy to obtain blood samples from indwelling catheters during the
procedure. Among cardiac patients, we chose acyanotic heart diseases because hypoxia can
affect neutrophil phagocytosis.*® However, Parikh et a/° reported that granulocyte
phagocytosis was reduced in children with cyanotic and acyanotic congenital heart disease.
And we do not know the impact of underlying illness requiring catheterization on innate
immune function that we studied here. Thus, we may need to test nonheart disease patients
in the future to further validate our findings in other populations. In addition, we tested only
MRSA in mouse wound infection models. Thus, the effect of anesthetics on different
microbes needs to be tested as well. Our mouse model does not accommodate surgical
stress, which may also affect neutrophil function. With these limitations, our findings
indicate that the selection of anesthetic drugs may pose impact on surgical outcomes,
particularly after long duration of anesthesia. Certainly the benefit of VAs has also been
described,> and determination of clinical benefits need to be further examined.

In conclusion, we found that use of VVAs was associated with reduction in granulocyte
phagocytosis in patients undergoing cardiac catheterization, whereas propofol anesthesia did
not. /n vivo murine experiments showed that VA exposure worsened bacterial loads in
wounds compared with propofol anesthesia, suggesting potential clinical significance of our
findings in patients. Further analysis to elucidate the underlying mechanism is needed, as
well as outcome assessment in patients in the future.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1-.

Granulocyte and monocyte phagocytosis in VA and IA groups. Granulocyte and monocyte
phagocytosis was compared in VA and IA groups. (A) Preoperative and intraoperative
granulocyte phagocytosis in VA group. (B) Preoperative and intraoperative monocyte
phagocytosis in VA group. (C) Preoperative and intraoperative granulocyte phagocytosis in
IA group. (D) Preoperative and intraoperative monocyte phagocytosis in 1A group. (E)
Preoperative granulocyte phagocytosis between VA and IA groups. (F) Preoperative
monocyte phagocytosis of VA and 1A groups. (G) Relationship between age and granulocyte
phagocytosis. Data were shown as median + interquartile range. Statistical analysis was
performed using Wilcoxon matched-pairs signed rank test (A-D), Mann-Whitney test (E, F)
and regression analysis (G). *** denotes £< 0.001. IA-PRE = preoperative 1A group; IA-
INTRA = intraoperative IA group; 7.s. = not significant; VA-PRE = preoperative VA group;
VA-INTRA = intraoperative VA group.
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Fig. 2 -.

TNF-a production in whole blood stimulated by LPS. Whole blood was stimulated with
LPS for 4 h at 37°C, then plasma TNF-a was measured in VA group (A) or 1A group (B).
Data were shown as median + interquartile range. Statistical analysis was performed using
Kruskal-Wallis test with Dunn’s post hoc analysis. *** denotes < 0.001. INTRA =
intraoperative blood without LPS stimulation; INTRA + LPS = intraoperative blood
stimulated by LPS; PRE = preoperative blood without LPS stimulation; PRE + LPS =
preoperative blood stimulated with LPS.
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CD18 and m24 expression level on granulocytes and monocytes in VA and A groups. CD18
and m24 expression levels were probed by PE labeled anti-CD18 antibody and FITC labeled
anti-m24 antibody, respectively. (A) CD18 expression on granulocytes in VA group, (B)
CD18 expression on monocytes in VA group, (C) CD18 expression on granulocytes in 1A
group, (D) CD18 expression on monocytes in 1A group, (E) m24 expression on granulocytes
in VA group, (F) m24 expression on monocytes in VA group, (G) m24 expression on
granulocytes in 1A group, and (H) m24 expression on monocytes in IA group. Data were

shown as median + interquartile range. Statistical analysis was performed using Wilcoxon

matched-pairs signed rank test. * denotes A< 0.05. IA-PRE = preoperative 1A group; IA-
INTRA = intraoperative |A group; 7.s. = not significant; PE = phycoerythrin; VA-PRE =

preoperative VA group; VA-INTRA = intraoperative VA group.
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The effect of anesthetics on bacterial loads in surgical wound infection model. Surgical
wounds were infected with MRSA USA300. A group of mice were exposed to isoflurane
(0.8 %) for 2 or 6 h (A) or propofol (10 mg/kg/h) for 2 or 6 h (B). Bacterial loads of infected
muscles were tested 3 d after surgical wound infection. Data represent median + interquartile
range of 8 mice. Statistical analysis was performed Kruskal-Wallis test with Dunns post hoc
analysis. * and ™ denote < 0.05 and P< 0.01, respectively. ISF = isoflurane; 7.s. = not
significant; PPF = propofol. (C) Scheme of surgical wound infections and the effect of
volatile anesthetics on bacteria phagocytosis by neutrophils. (Color version of figure is

available online.)
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Table —

The characteristics of patients.

VA 1A

Patient number 25 (male 16, female 9) 15 (male 8, female 7)
Age (y) 7.0 (3.5, 8.5) 13.0 (11.00, 20.00)
Weight (kg) 245 (15.6, 31.5) 48.3 (40.0, 58.0)

Age and weight are shown as median (25th, 75th interquartile range).
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