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Abstract

Immune dysfunction can occur during sepsis or following major trauma. Decreased monocyte HLA-DR expression and cytokine

responses are associated with mortality. Recent studies have shown that adaptive immune system defects can also occur in

in such patients, characterised by increased PD-L1 expression and associated T-cell anergy. The aim of this study was to

determine the effects of an immune adjuvant, interferon-gamma, on monocyte PD-L1 expression and T-cell activation in an

ex-vivo human whole blood model of infection. We found that with interferon-gamma treatment, monocytes had increased

HLA-DR expression and augmented TNF-α production in response to LPS stimulation. Both LPS and interferon-gamma

increased the level of monocyte PD-L1 expression, and that a combination of both agents synergistically stimulated a further

increase in PD-L1 levels as measured by flow cytometry. However, despite elevated PD-L1 expression, both CD4 and CD8

T-cell activation was not diminished by the addition of interferon-gamma treatment. These findings suggest that PD-L1 may

not be a reliable marker for T-cell anergy, and that interferon-gamma remains an adjuvant of interest that can improve the

monocyte inflammatory response while preserving T-cell activation.

Introduction

Trauma and sepsis remain a major cause of mortality [1]. Early recognition and prompt intervention with
supportive measures and improvements in critical care environments have led to some improvement in
mortality rates [2]. However, many patients now survive the initial acute phase of treatment, but are
left with a prolonged hospital stay, riddled with infective complications [3]. Such a major physiological
insult may be the cause of immune dysfunction, which leaves patients susceptible to secondary infections
[4-6]. There is now evidence demonstrating that even up to 3 years following the initial insult, patients have
persisting immune defects and chronic illness associated with their critical care [7].

This form of immune dysfunction, or tolerance, to microbial danger and pathogen-associated molecular pat-
terns (DAMPs and PAMPs) is characterized by impaired monocyte function [8]. Evidence shows that in
response to infection, surgical patients have a downregulation of the toll-like receptor pathway as well as
the Inhibitor of Kappa B and Nuclear Factor Kappa B pathways, resulting in impaired immune responses.
Decreased monocyte HLA-DR expression and decreased TNF-α production in response to ex-vivo LPS stimu-
lation are both associated with increased nosocomial infections and death in many patients following trauma
or sepsis [5, 8].
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Various prospective studies have trialed interferon-gamma (IFN-γ) with a goal of restoring monocyte func-
tion and improve morbidity or mortality. Such evidence has shown recovery of monocyte function as well as
a reduction in re-operations for infection, decreased infection-related deaths and ventilation-associated pneu-
monia [9-12] However, consistent improvements in mortality in such patients have not been demonstrated
and thus IFN-γ, like many other immunoadjuvants, have not succeeded in altering clinical practice [13].

The reasons for a failure to demonstrate benefit may be related to trial design and suboptimal timing
and dosing of IFN-γ, or may be related to patient selection (i.e. patients included regardless of monocyte
function) [14]. On closer inspection of the clinical trials, it is apparent that the benefit of IFN-γ treatment
to monocyte function was present for the duration of treatment. However, on cessation of IFN-γ treatment,
a rebound impairment of monocyte function was observed.

An important factor influencing the success of these trials may be the incomplete understanding of mech-
anisms of pleiotropic agents such as IFN-γ may have on other aspects of our redundant, evolved immune
system. Trauma and sepsis affect not only the innate immune cells but also the adaptive immune system
[15-17]. In response to such a stimulus, increased PD-1 expression occurs on T-cells, NK cells and B cells
[18, 19]. Its ligand, PD-L1, is increased on monocytes, macrophages, dendritic cells and neutrophils [20, 21].
Increases in monocyte PD-L1 expression correlates with impaired monocyte function, increased sequential
organ failure assessment scores and are predictive of death during septic shock [22-25].

Such changes in this acute setting are thought to be analogous to changes in the microenvironment in cancer
[7, 26]. The activation of the PD-1/PD-L1 pathway causes lymphocyte exhaustion and apoptosis, which
may impair cellular function and bacterial clearance. The consequent T-cell dysfunction associated with
PD-1/PD-L1 upregulation is associated with septic shock and increased mortality [27, 28]. Animal models
of sepsis have shown that ligation of this pathway improves survival, suggesting that the modulation of the
PD-1/PD-L1 pathway may be important in governing T-cell function [29-32].

Current thinking for immunotherapy for the critically ill patient is to individualize adjunctive therapy de-
pending on the specific biomarker-driven immunopathologic phenotype of the patient [33], as exemplified
by IFN-γ for the patient with monocyte impairment and/or an anti-PD-L1 or IL-7 agent for the patient
with T-cell anergy and apoptosis [34]. However, these are overlapping phenomena and understanding how
immunotherapy agents influence the multiple facets of the immune response is critical in developing effective
trials in the critically ill.

The purpose of this study was to examine IFN-γ in an ex-vivo model of infection to determine the effect of
IFN-γ on monocyte PD-L1 expression and determine its influence on T-cell function.

Materials and methods

Human blood sample preparation

Venous blood was collected from healthy volunteers using EDTA vacutainers (Becton Dickinson, Franklin
Lakes, NJ) following informed consent. The study was approved by the University of Louisville Institutional
Review Board (08.018). Volunteers were excluded for the presence of chronic illness, use of anti-inflammatory
or immunosuppressive medications or signs of acute illness. Whole blood was aliquoted in 1 mL volumes in
Falcon polypropylene culture tubes (Fisher Scientific, Waltham, MA). Samples were incubated for up to 18
hours in various conditions at 37°C with 5% carbon dioxide and gentle vortexing every 4 hours. After 18 h,
whole blood was centrifuged at 3000 RPM for 3 minutes to obtain plasma which was stored at -80°C until
later analysis. Prior work determined optimal sample timing [35].

Whole blood stimulation

Blood samples were either unstimulated (control), or stimulated with 100 ng/mL of lipopolysaccharide (LPS,
from Escherichia coli 0111:B4, Sigma-Aldrich, St. Louis, MO), IFN-γ (Sigma Aldrich, St. Louis, MO) or a
combination of both. The IFN-γ dose (100 ng/mL) was chosen based on prior experiments [36].

Cytokine analysis
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Stored plasma was used to determine cytokine concentrations using Enzyme-linked immunosorbent assays
(ELISAs) according to the manufacturer’s protocol (eBioscience, San Diego, CA). Samples were measured
in duplicate and compared against a known standard curve. The lower limits of detection were 2 pg/mL
and 4 pg/mL for IL-10 and TNF-α, respectively.

Flow cytometry

Whole blood samples of 50 μL were stained with fluorescein isothiocyanate (FITC)-labeled antihuman CD14
and either phycoerythrin (PE)-labeled anti-HLA-DR or anti-PD-L1 antibodies (BD Biosciences, La Jolla,
CA). After 25 mins of staining at 4°C, erythrocyte lysis was achieved with ammonium chloride, potassium
bicarbonate, and EDTA (Sigma Chemical Co., St. Louis, MO) for 6 min. Cells were then washed with
Dulbecco Phosphate Buffered Saline (DPBS) (Sigma Chemical Co., St. Louis, MO) and fixed in 300 μL of
1% paraformaldehyde.

For flow cytometric analysis, samples were analyzed using a FACSCalibur flow cytometer (Becton Dick-
inson, San Diego, CA) within 48 hours of venipuncture. A minimum of 20,000 events were acquired and
mean fluorescence intensity (MFI) analyzed using Cell Quest software (Becton Dickinson, San Diego, CA).
Appropriate isotype controls were used for each antibody to check for non-specific binding (BD Biosciences,
La Jolla, CA).

T-cell activity assay

After whole blood was treated in the conditions as described under Human Blood Sample Preparation for 16
hours, the blood samples were transferred to 50 mL tubes with Hypaque Ficoll (Invitrogen, Carlsbad, CA),
and then centrifuged at 1500 x g for 30 min. The buffy coat interface was carefully removed by pipetting
and the residue washed with DPBS twice. Peripheral blood mononuclear cells (PBMCs) were then manually
counted by microscopy and viability checked with Trypan Blue staining. Culture medium consisted of RPMI
1640 (Sigma Aldrich, St Louis, MO) which was supplemented with 10% fetal bovine serum, L-glutamine,
and antibiotic/antimycotic agents (Thermo Fisher Scientific, Waltham, MA) at a concentration of 5 x 106

cells/mL. PBMC’s were cultured in a 24 well plate (Costar, Corning, NY). Cells were then stimulated with a
pre-mixed cocktail of Phorbol myristate acetate (PMA), Ionomycin and Brefeldin A (Leukocyte Activation
Cocktail with BD Golgiplug BD Biosciences, La Jolla, CA) for 6 hours. After stimulation, cells were
incubated with either FITC-conjugated CD4 or CD8 antibodies (BD Biosciences, La Jolla, CA) for 20 min
and fixed with 300 μL of 1% formalin at 4°C. Following fixation, cells were permeabilized with 10% methanol
for 1 h, stained for PE-conjugated IFN-γ antibodies or the appropriate IgG1 isotype control (eBioscience,
San Diego, CA) for 30 min and then analyzed by flow cytometry as described above.

Statistical Analysis

Data were analyzed using Repeated-measures analysis of variance testing to detect significant differences in
corresponding differences within donors. Post-hoc multiple comparison testing was undertaken using Holms-
Sidak test to isolate differences between conditions. Data are expressed as mean ± S.E.M. Significance was
set at p < 0.05. Statistical analysis was undertaken using GraphPad Prism 6.0 (La Jolla, CA).

Results

Cytokine production

In this whole blood system, stimulation with 100 ng/mL of LPS increased the TNF-α concentration of 29.86
(± 11.88) pg/mL compared with 11.95 (± 9.05) pg/mL under control conditions (p = 0.032) (Fig. 1). LPS
increased IL-10 production compared with control conditions (p = 0.001), but IFN-γ alone had no significant
effect on either TNF-α or IL-10 levels.

However, the addition of IFN-γ treatment to LPS stimulation led to further increases in TNF-α concentra-
tions, reaching 138.41 (± 49.46) pg/mL (p = 0.0386) (Fig. 1). Conversely, when IFN-γ was added to LPS

3



P
os

te
d

on
A

u
th

or
ea

20
F

eb
20

20
—

C
C

B
Y

4.
0

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
58

22
24

90
.0

16
17

33
2

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
as

n
ot

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

at
a

m
ay

b
e

p
re

li
m

in
ar

y.

treated blood, IL-10 was significantly decreased (p = 0.001). This was similar to the levels observed in the
control conditions.

HLA-DR expression

In control conditions, monocyte HLA-DR expression remained low throughout the time points measured
(Fig. 2). LPS increased monocyte HLA-DR expression to 1190.27 (± 178.73) MFI at 6 h (p = < 0.001) and
this remained similarly elevated at 18 h when compared with control (p = 0.006).

IFN-γ treatment alone did not affect HLA-DR expression at 6 h, and by 18 h expression was higher than
control conditions but still only 521.89 (± 76.01) MFI (p = 0.243).

Treatment with IFN-γ with LPS demonstrated similarly elevated monocyte HLA-DR expression at 6 h as
LPS treatment alone (p = 0.843). However, at 18 h monocyte HLA-DR expression was significantly higher
than with LPS without IFN-γ (p = 0.018) (Fig. 2).

PD-L1 expression

Monocyte PD-L1 expression, as measured by flow cytometry, is illustrated in Figure 3. Under control
conditions, PD-L1 expression remained low throughout the 18 h duration. Interestingly, both the addition
of either LPS or IFN-γ led to similar increases in monocyte PD-L1. Under both conditions, PD-L1 expression
reached 76.05 (± 14.2) and 85.71 (± 15.7) MFI, respectively, both higher than control conditions at 18 h (p
= 0.020 and p = 0.012, respectively).

The combination of LPS and IFN-γ led to an early synergistic increase in monocyte PD-L1 expression at 6
h, higher than with either alone (p = < 0.0001 for both comparisons). By 18 h, further increases in PD-L1
expression were observed reaching 203.39 (± 29.3) MFI, again, higher than either LPS or IFN-γ alone (p =
< 0.001 for both comparisons).

T-cell function

For each of the 4 conditions (control, LPS, IFN-γ, LPS plus IFN-γ), the level of T-cell activation in both CD4
and CD8 lymphocytes was measured (Fig. 4). In CD4 T-cells, the level of intracellular IFN-γ production
increased in stimulated blood in control conditions, as compared with unstimulated blood (p = <0.001).
However, the addition of 100 ng/ml LPS led to decreased CD4 activation (p = 0.029). IFN-γ treatment
alone did not influence CD4 activation compared with control conditions. No differences were seen in CD4
T-cells with a combination of LPS and IFN-γ treatment, compared with LPS treatment alone.

In CD8 T-cells, a large increase in T-cell activation was seen in stimulated control cells compared with
unstimulated conditions. Again, 100 ng/mL LPS decreased T-cell activation with the percentage of IFN-
γ-producing CD8 T-cells declining from 15.67 (± 4.05)% to 9.25 (±4.06)% (p = 0.004). The addition of
IFN-γ alone did not lead to any change in CD8 T-cell activation as compared to the control condition. The
addition of both IFN-γ and LPS conditions did not further affect the level of CD8 T-cell activation. This
was comparable to the 9.25 (±4.05)% of activated CD8 T-cells seen with LPS alone.

Discussion

Immune dysfunction is an important facet of poor bacterial clearance and secondary infection in the critically
ill surgical patient. The failure to orchestrate an effective immune response is a result of both impaired innate
and adaptive systems [15]. Interferon-γ has been frequently studied as an adjuvant in surgical patients to
correct monocyte impairment [14]. However, the effect of interferon-γ on the adaptive system, and in
particular, upon the PD-1-PD-L1 pathway involved in lymphocyte anergy, is not fully understood.

Our data demonstrate agreement that an endotoxin challenge leads to an increase in both the pro- and
anti-inflammatory cytokine response and leads to activation of monocytes with increased HLA-DR expres-
sion. Interferon-γ treatment of LPS-exposed leukocytes promoted an “M1” pro-inflammatory phenotype,
by causing further increases in TNF-α with a reciprocal decrease in the anti-inflammatory cytokine IL-10.
Monocyte function appeared to improve with an augmented HLA-DR expression, a representative marker of
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antigen presentation. These findings are in keeping with many previous studies on the effects of interferon-γ
[9, 10, 36-39].

The presence of endotoxin stimulated the increase of monocyte PD-L1 expression. Although interferon-γ
improved monocyte function, it synergistically increased PD-L1 levels beyond that of the levels associated
with LPS alone. This is consistent with previous studies [36, 40]. This increase in PD-L1 expression de-
spite apparent improvements in monocyte function conflicts with the concept of PD-L1 acting as a marker of
monocyte dysfunction. Despite this increase in monocyte PD-L1, a marker previously associated with mono-
cyte impairment and worse clinical outcomes, we found that T-cell function was preserved with interferon-γ
treatment. This finding is in keeping with clinical observations of T-cell reactivity in patients undergoing
interferon-γ treatment in the context of both trauma and elective gastrointestinal surgery [41].

In original trauma studies, there appeared to be a “rebound” of decreased monocyte function after the
cessation of adjuvant interferon-γ. We hypothesized that this may be due an unrecognized PD-L1 induction,
resulting in T-cell dysfunction and decreased endogenous interferon-γ as a mechanism for this treatment
failure. However, our findings that elevated PD-L1 does not appear to reflect impaired lymphocyte function,
with preserved endogenous interferon-γ responses, likely dispels this concern.

These findings are interesting mechanistically. One explanation may be that interferon-γ leads to increased
TNF-α, and that the upregulated PD-L1 may in fact be a result of the TNF-α levels, rather than a direct
effect of interferon-γ. A previous study has shown that culture with recombinant TNF-α increases monocyte
PD-L1, which in turn can be prevented with TNF–α inhibition [42]. More recently, a study of various
cell types found that both TNF-α and IFN-γ synergistically increased PD-L1 expression, but then through
induction of a miR-155 negative feedback loop, PD-L1 levels were then suppressed [43].

The cellular and clinical effects of interferon-γ in experimental and clinical scenarios relating to the surgical
patient are summarized in Figure 5. Although this list is not exhaustive, both established as well as recent
findings of the effects of interferon-γ are highlighted. This includes effects on both the adaptive as well
as the innate immune system. Although interferon-γ therapy upregulates PD-L1 expression on circulating
and fixed leukocytes, there is not a deleterious effect on lymphocyte function. Given the increasing body of
evidence toward T-cell anergy and exhaustion in patients suffering from trauma and sepsis, the addition of
interferon-γ does not appear to exacerbate this important defect. A recent study of interferon-γ therapy given
to septic patients with low monocyte HLA-DR expression demonstrated equivalent lymphocyte populations
after adjuvant treatment, other than a non-significant decrease in NK cell numbers [44]. Many groups have
moved away from developing therapies targeting monocyte function, with a current focus on the role of
checkpoint inhibitors to reverse immune dysfunction. Recent randomized controlled trials using IL-7 and
anti-PD-L1 therapies to correct T-cell defects appear well tolerated, with the latter study also appearing
to restore monocyte HLA-DR [45, 46]. Our findings highlight that labelling PD-L1 as the critical link
from monocyte to lymphocyte dysfunction during septic immunopathology may be oversimplifying such a
complex leukocyte interaction. Furthermore, given that our results demonstrate that interferon-γ increases
PD-L1 expression but does not impact on T-cell function, our study sets the scene for potential combination
strategies with interferon-γ complimenting anti-PD-L1 therapy.

This study has some limitations. It presents a small and narrowly-focused set of experiments to address
specific questions about feedback mechanisms of potential interferon-γ-based therapy. Murine models of
sepsis often fail to translate to humans effectively and single-cell culture does not preserve the important
interaction among immune cells, and in particular, innate and adaptive systems [47]. While this whole
blood model allows for the study of the milieu of diverse cellular subsets, it does not account for the role
of fixed, non-circulating leukocytes such as those in the hepatic and splenic compartments. Due to the
ex-vivo nature of whole blood, study beyond the 18 hour time period cannot be relied upon due to concerns
about cell viability beyond this time point. Finally, LPS was used to represent the bacterial challenge with
which cells were stimulated. Many surgical patients will sustain gram negative bacteraemia due to a primary
gastrointestinal source of infection or endotoxin translocation in the critically ill patient [48]. Some evidence
has shown that the human genomic response to LPS largely overlaps with that of trauma, sepsis and even
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burn injury [15]. Nevertheless, the in-vivo response to bacterial DAMPs and PAMPs and from polymicrobial
infection will presumably be more complex than this study represents. Nevertheless, this established model
accounts for some of the human variability in responses between donors. It is static and reproducible in its
findings.

We conclude that in the context of endotoxin-stimulated whole blood, interferon-γ not only improves mono-
cyte function, but also increases monocyte surface PD-L1 expression. However, despite increases in PD-L1
expression, T-cell function is not affected. This could be reassuring for clinician-scientists re-considering the
use of interferon-γ as an adjuvant in critically ill patients, and these findings expand the knowledge on the
role of PD-L1 in the growing field of immune checkpoint inhibition in sepsis-related immunopathology.
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Φιγυρε 1. ἣανγες ιν ςψτοκινε προδυςτιον φολλοωινγ ΙΦΝ-γ τρεατμεντ. Whole blood was
treated with 100 ng/mL of LPS, 100 ng/mL of interferon (IFN)-γ or both for 18 h. Plasma concentrations of
(A) TNF-α and (B) IL-10 were determined by ELISA. Values are mean ± S.E.M. N = 6 for each condition.
* P < 0.05,** P < 0.01, Repeat Measures ANOVA with post-hoc Holms-Sidak test.

Φιγυρε 2. Εφφεςτ οφ ΙΦΝ-γ τρεατμεντ ον περιπηεραλ βλοοδ μονοςψτε ΗΛΑ-ΔΡ εξ-

πρεσσιον. (A) Whole blood was treated with 100 ng/mL of LPS, 100 ng/mL of IFN-γ or both. Surface
monocyte HLA-DR expression assessed by FACS at 0 h, 6 h and 18 h. Values are mean ± S.E.M. N = 6. * P
< 0.05, Repeat Measures ANOVA with post-hoc Holms-Sidak test. (B) Representative flow cytometry images
with the control group shown in grey and each experimental condition shown without shading. A minimum
of 20,000 events acquired for each comparison. ΜΦΙ, μεαν φλυορεσςενςε ιντενσιτψ· ΛΠΣ, λιποπολψσαςςηαριδε·
ΙΦΝ-γ, ιντερφερον-γαμμα.
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Figure 3. Εφφεςτ οφ ΙΦΝ-γ τρεατμεντ ον περιπηεραλ βλοοδ μονοςψτε ΠΔ-Λ1 εξπρεσ-
σιον. (A) Whole blood was treated with 100 ng/mL of LPS, 100 ng/mL of IFN-γ or both. Surface monocyte
PD-L1 expression was measured by FACS at 0 h, 6 h and 18 h. Values are mean ± S.E.M. N = 6 at each
time point. * P < 0.05, Repeat Measures ANOVA with post-hoc Holms-Sidak test. (B) Representative flow
cytometry images with the control group shown in grey and each experimental condition shown without sha-
ding. A minimum of 20,000 events acquired for each comparison. ΜΦΙ, μεαν φλυορεσςενςε ιντενσιτψ· ΛΠΣ,
λιποπολψσαςςηαριδε· ΙΦΝ-γ, ιντερφερον-γαμμα.
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Figure 4. Εφφεςτ οφ ΙΦΝ-γ τρεατμεντ ον περιπηεραλ βλοοδ Τ-ςελλ φυνςτιον. (A) Whole
blood was treated with 100 ng/mL of LPS, 100 ng/mL of IFN-γ or both. After 16 h of experimental
conditions, PBMC’s were isolated, washed then stimulated with PMA, ionomycin and Brefeldin A for 6
h. Intracellular IFN-γ production was measured in CD4 and CD8 T-cells by FACS as a measure of T-cell
activation. Values are mean ± S.E.M. N = 6 for each condition. *P < 0.05, Repeat Measures ANOVA with
post-hoc Holms-Sidak test. (B) Representative flow cytometry images with the control group shown in grey
and each experimental condition shown without shading. A minimum of 20,000 events acquired for each
comparison. ΜΦΙ, μεαν φλυορεσςενςε ιντενσιτψ· ΛΠΣ, λιποπολψσαςςηαριδε· ΙΦΝ-γ, ιντερφερον-γαμμα.
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Figure 5 . Συμμαρψ οφ τηε ςελλυλαρ ανδ ςλινιςαλ εφφεςτς οφ ιντερφερον-γ ιν τηε στυδψ
οφ σεπσις, τραυμα ανδ βυρνς. * represents findings from the present study. ΙΦΝ-γ, ιντερφερον-
γαμμα.· ΛΠΣ, λιποπολψσαςςηαριδε· ΠΔ-Λ1, προγραμμεδ ςελλ δεατη-λιγανδ 1· Τη1, Τ-ηελπερ ςελλ τψπε 1·

ΙΛ-10, ιντερλευκιν-10· Ρ῝Τ, ρανδομιζεδ ςοντρολλεδ τριαλ, ΤΝΦ-α, τυμουρ νεςροσις φαςτορ-αλπηα.
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