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SUMMARY

Low monocyte (m)HLA-DR expression is associated with mortality in sepsis. G-
286A*rs3087456 polymorphism in promoter Ill of HLA class Il transactivator
(CIITA), the master regulator of HLA, has been associated with autoimmune dis-
eases but its role in sepsis has never been demonstrated. In 203 patients in septic
shock, GG genotype was associated with 28-day mortality and mHLA-DR re-
mained low whereas it increased in patients with AA or AG genotype. In
ex vivo cells, mHLA-DR failed to augment in GG in comparison with AG or AA ge-
notype on exposure to IFN-y. Promoter lll transcript levels were similar in control
monocytes regardless of genotype and exposure to IFN-y. Promoter Il activity
was decreased in GG genotype in monocyte cell line but restored after stimula-
tion with IFN-y. Hereby, we demonstrated that G-286A*rs3087456 significantly
impact mHLA-DR expression in patients with septic shock in part through CIITA
promoter lll activity, that can be rescued using IFN-vy.

INTRODUCTION

Sepsis is a life-threatening condition because of a dysregulated immune response to infection (Singer et al.,
2016), and leads to more than 6 million deaths peryear (Fleischmann et al., 2016; Reinhart et al., 2017). Dys-
regulated immune response is currently considered as a paradigm in pathogenesis of sepsis and
recognized as an important component of sepsis prognosis (Venet and Monneret, 2018). Although the
management of sepsis is well standardized (Evans et al., 2021), specific immunomodulatory therapies,
such as high dose steroids (Minneci et al., 2009), anti-endotoxin (Ziegler et al., 1991), inhibitors of pro-in-
flammatory cytokines IL-1, TNF-a, IL-6 (Eichacker et al., 2002; Shakoory et al., 2016), and anticoagulants
such as activated protein C (Abraham et al., 2005; Warren et al., 2002) have shown equivocal results in pa-
tients with sepsis (Fang et al., 2019; Suffredini and Munford, 2011). Despite this, post-hoc analyses have
shown specific benefits (or harms) in groups of patients when stratified by immunological phenotype or
transcriptomic profile (Antcliffe et al., 2019; Kernan et al., 2019; Shakoory et al., 2016), suggesting a role
for personalized immunomodulation in sepsis. Recently, therapies targeting the restoration of monocyte
(m)HLA-DR level with interferon (IFN)-y as gain interest to reverse sepsis-induced immunodepression
(Nguyen et al., 2021; Payen et al., 2019) (ClinicalTrials.gov Identifier: NCT01649921, NCT01374711).

Decreased expression of HLA-DR —an MHC class Il molecule required for antigen presentation to T cells—on
the cell surface of circulating monocytes is widely recognized as a marker of sepsis-induced immunodepres-
sion and is strongly associated with both sepsis-induced mortality and increased risk of secondary infections
(Conway Morris et al., 2018; Hotchkiss et al., 2013; Lukaszewicz et al., 2009). MHC class Il transcript expres-
sion is controlled by the class Il transactivator (CIITA), a highly conserved regulatory module found in the
genes encoding the a-chain and B-chain of all classical human MHC class Il molecules (HLA-DP,-DQ,
and-DR) (Ting and Trowsdale, 2002). In humans, control of CIITA activity is mediated by three distinct pro-
moters, pl (expressed in cells of myeloid origin), plll (expressed in cells of lymphoid origin) and plV (ex-
pressed in cells of non-hematopoietic origin when stimulated by IFN-y), although the cell-specific expres-
sion and response to IFN-y increasingly appears interchangeable (Reith et al., 2005; Zinzow-Kramer et al.,
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immunodeficiency (bare lymphocyte syndrome). (Mach et al., 1994; Steimle et al., 1993). In addition, G-
286A*rs3087456 single nucleotide polymorphism (SNP) in the CIITA promoter plll has been associated
with rheumatological disease and cancer in some cohorts (Bronson et al., 2008; Eike et al., 2012; Harrison
et al., 2007; Swanberg et al., 2005; Xue et al., 2020). Moreover, Vasseur et al. provided some evidence of
a positive selection of the 5" genomic region of CIITA (Vasseur et al., 2012). The positive selection, detected
by LD-based tests and Fst tests, identified as highly differentiated in Europe (27% have a G variant, 73% an
A). In addition, SNP G-712A*rs12596540 is shown to be in high linkage disequilibrium (r*>0.6) with SNP G-
286A*rs3087456 (Vasseur et al., 2012). A systematic investigation of regulatory variants on monocyte gene
expression showed that differential regulation between individuals was dependent on innate immune activ-
ity, known as context-dependent expression quantitative loci (eQTLs) (Fairfax et al., 2014). Considering the
role of ClITAin the regulation of HLA-DR, and its association with immune-inflammatory diseases, we there-
fore investigated the relationship between genetic variation in the CIITA promoter, HLA-DR expression and
outcome. We hypothesized that linked SNPs in the CIITA promoter plll (G-286A*rs3087456, characterized
by the presence of G>An SNP at chr16:10877045, GRCh38.p13 or G-712A*rs12596540, characterized by
A>G atchr16:10876619, GRCh38.p13 (Vasseur et al., 2012)) would affect mHLA-DR expression kinetics in pa-
tients with sepsis. Conversely, we hypothesized that eQTLs may be modulated by IFN-y treatment in septic
patients and therefore investigated the molecular and cellular regulatory mechanisms.

RESULTS

Severity and mortality in septic shock in association to CIITA G-286A*rs3087456 and
G-712A*rs12596540 genotypes

Of 221 patients with septic shock recruited to the study, daily data from day of ICU admission to >7 days
and genomic DNA was available from 203 patients (Figure S1). The median age of the study cohort was 61
years (range: 18-94), with a majority of men (65%) (Table 1). The cohort had a high degree of disease on
admission, as indicated by a median SOFA score of 7 (range: 1-16) (Table 1). Almost a quarter of the pa-
tients were surgical patients (23.7%) and the majority of sepsis (53.7%) was of pulmonary origin (Table 1).

Allele frequency and genotype distribution were G-286A*rs3087456: AA 45%, AG 41%, GG 13%; G-
712A*rs12596540: AA 56%, AG 37%, GG 7%. Both polymorphisms met the Hardy Weinberg law in our
cohort. No significant association was found for both SNPs with clinical severity scores (SAPS Il and
SOFA scores) at day 1 of ICU admission, although patients who had the CIITA G-712A*rs12596540 GG ge-
notype had a higher lymphocyte count at day 1 (p=0.005, Table 1). In an A-dominant model, patients ho-
mozygous for CIITA plll G-286A*rs3087456 GG genotype had a significant increased risk of 28-day mortal-
ity (55.6% for GG genotype vs. 35.2% for AA and AG genotypes, OR: 2.298, Cl 95% [1.013-5.217], p = 0.043)
(Table 2). There was also a non-significant trend toward an increase in 7-day mortality for GG genotype for
G-712A*rs12596540 (AA or AG: 25.9% vs. GG: 50%, OR: 2.857, Cl 95% [0.954-8,558], p = 0.05) (Table 2). No
association was found for secondary infections between the different genotypes of CIITA plll gene in both
SNPs (Table 2). We further evaluated the impact of both SNPs on mHLA-DR expression in septic shock pa-
tients, using the A-dominant model.

Monocyte HLA-DR surface expression in septic shock in association with CIITA
G-286A*rs3087456 and G-712A*rs12596540 genotypes

Longitudinal measurements of circulating mHLA-DR expression were measured during the ICU stay. For G-
712A*rs12596540 and G-286A*rs3087456, septic patients with AA or AG genotype showed a significant
early increase in mHLA-DR level, whereas patients with GG genotype displayed a persistent low mHLA-
DR values (Wilcoxon signed rank test, p< 0.03 vs. basal) (Figure 1).

Ex vivo mHLA-DR surface expression in healthy controls following IFN-y stimulation in
association with G-286A*rs3087456 and G-712A*12596540

To investigate the functional role of CIITA plll polymorphisms, we measured basal HLA-DR expression in
monocytes from 50 healthy controls and evaluated the response of monocytes to IFN-y exposure. Of
these 50 healthy controls, 26 had the AA genotype, 18 had the AG genotype and 6 had the GG genotype
for G-286A*rs3087456, respectively; and 29 had the AA genotype, 15 had the AG genotype and 6 had the
GG genotype for G-712A*rs12596540, respectively. At baseline (no IFN-y) there was no difference be-
tween different genotypes in both polymorphisms (G-286A*rs3087456: AA or AG = 1371 [95%Cl, 1154
to 1625] MFI vs. GG = 1192 [95% CI, 864 to 2207] MFI, p = 0.87; G-712A*rs12596540: AA or
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Table 1. Baseline characteristics of patients in septic shock

G-286A*rs3087456 G-712A*rs12596540

AA AG GG All AA AG GG All

(n=92) (n=84) (n=27) (hn=203) PValue* (n=113) (n=76) (hn=14) (n=203) P Value*
Age, years 62 (18-91) 60 (19-94) 63(30-88) 61(18-94)  0.25 62 (18-91) 59 (19-94) 58(33-88) 61(18-94) 0.73
Gender, 68.5 59.5 70.4 65 0.38 66.4 63.2 64.3 65 0.90
% male
SAPS Il 49 (22-120) 49 (15-96) 45 (19-93) 49 (15-120) 0.44 48 (22-120) 50 (15-96) 44 (19-65) 49 (15-120) 0.58
SOFA 7 (2-15) 7 (2-16) 7 (1-16) 7 (1-16) 0.87 7 (2-15) 7 (2-16) 7(1-11) 7 (1-16) 0.91
Surgical, % 22.8 25 22.2 23.6 0.93 21.2 26.3 28.6 23.6 0.65
Sepsis origin, %
Lung 54.3 50 59.3 53.7 0.67 56.7 47.4 64.3 53.7 0.36
Abdomen 20.7 22.6 14.8 20.7 0.68 20.4 21.1 214 20.7 0.99
Urinary 4.3 4.8 3.7 4.4 0.97 3.5 5.3 7.1 4.4 0.75

Laboratory variables

Leukocyte 1.4 12.4 9.1 1.4 0.76 10.7 (0.1-55) 12.3 15.8 1.4 0.42
count, x 10%/mm?  (0.1-55) (0.1-92.5) (0.4-32.7) (0.1-92.5) 0.1-92.5) (1.8-32.7) (0.1-92.5)
Neutrophil 10.1 10.4 8.4 9.1 0.56 9.3 10.4 9.7 9.1 0.84
count, x 103/mm?  (0.1-46.2) (0.1-74.9)  (0.5-29.3)  (0.1-74.9) (0.1-46.2) (0.1-74.9) (1-28.4) (0.1-74.9)
Lymphocyte 0.7 0.6 0.9 0.7 0.17 0.6 0.7 1.7 0.7 0.005
count, x 103/mm*  (0.1-11.9) (0.1-5.8) (0.2-2.5) (0.1-11.9) 0.1-11.9) (0.1-3.7) (0.2-2.5) (0.1-11.9)
Monocyte 0.5 0.6 0.5 0.6 0.87 0.5 0.6 0.9 0.6 0.24
count, x 103/mm?®  (0.1-2.7) (0.1-4.6) (0.1-7.9) (0.1-7.9) (0.1-2.9) (0.1-4.6) (0.1-7.9) (0.1-7.9)

SAPS II: Simplified Acute Physiology Score Il; SOFA = Sequential Organ Failure Assessment. Data are median (interquartile range) for continuous variable. *p
values were calculated with the use of chi-square test and Kruskal-Wallis test.

AG = 1374 [95%CI, 1154 to 1642] MFI vs. GG = 1137 [95%Cl, 864 to 1889] MFI, p =0.45; Figure 2).
Following IFN-y stimulation, mHLA-DR significantly increased in healthy controls with AA or AG geno-
type for both alleles (G-286A*rs3087456: 1371 vs. 3919 MFI [Cl 95%, 1521 to 2934], p< 0.0001; G-
712*rs12596540: 1374 vs. 3889 MFI [Cl 95%, 1400 to 2843], p< 0.0001; Figure 2). In contrast, there was
a non-significant trend to augment mHLA-DR expression from healthy controls with GG genotype for
G-286A*rs3087456 (1192 vs. 1898 MFI [Cl 95%,—186 to 1652], p =0.0%; Figure 2). Healthy controls with
GG genotype for G-712A*rs12596540 showed a significant ability to augment mHLA-DR expression in
response to IFN-y stimulation (G-712A*rs12596540: 1137 vs. 2021 MFI [Cl 95%, 132 to 1854], p< 0.05;
Figure 2).

Those results need to be interpreted in regard to the effect of SNP G-286A*rs3087456 on CITA
expression.

Ex vivo CIITA promoter isoforms expression in association with G-286A*rs3087456

To determine whether the G-286A*rs3087456 polymorphism was associated with different expression of
isoforms of the CIITA promoter plll and plV, we quantified mRNA from ex vivo healthy control purified
monocytes (CD14%) and B cells (CD19") by Q-PCR. In monocytes, there was no difference in basal expres-
sion level of plll (p = 0.18) and plV transcripts (p = 0.24) between AA or AG and GG genotypes (Figure 3).
Following 6 h of ex vivo cells stimulation with IFN-v, plll and plV transcripts were significantly up-regulated
in monocytes for AA or AG as well as GG genotype (p< 0.0001, Figure 3). In B cells, no difference was
observed in plll or plV transcripts expression in unstimulated cells.

Therefore, G-286A*rs3087456 genotype did not impact ex vivo basal expression of CIITA promoter iso-
forms, and all three genotypes (AA, AG, GG) were similarly inducible by IFN-y in monocytes from healthy
controls, but not in B cells. We therefore evaluated the effect of G-286A*rs3087456 on the transcriptional
activity of the promoter CIITA plll activity in different leukemoid cell lines.

iScience 25, 105291, November 18, 2022 3
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Table 2. Genotyped related mortality

A-dominant model

G-286A%rs3087456 G-712A%rs12596540
AAor AG GG OR 95% ClI P Value® AAorAG GG OR 95% Cl P Value®
(n=176) (n=27) (n=189) (n=14)
28-daymortality, n (%) 62 (35.2) 15 (55.6) 2.298 1.013-5.217 0.043 69 (36.5) 8 (57.1) 2.319 0.773-6.960 0.13
7-day mortality, n (%) 46 (50) 10 (37) 1.662  0.710-3.891 0.24 49 (25.9) 7 (50) 2.857 0.954-8.558 0.05
Secondary infections, 39 (20.7) 4(14.8) 0.611 0.199-1.872  0.38 41 (21.7) 2(14.3) 0.602 0.129-2.796 0.49
n (%)
Co-dominant model
G-286A%rs3087456 G-712A%rs12596540
AA AG GG All P Value®* AA AG GG All P Value®
(n=92) (n=84) (n=27) (n=203) (n=113) (n=76) (n=14) (n=203)
28-day mortality, n (%) 35 (38) 27 (32.1) 15 (55.6) 77 (37.9) 0.10 45 (39.8) 24 (31.6) 8 (57.1) 77 (37.9) 0.16
7-day mortality, n (%) 25 (27.2) 21 (25) 10 (37) 56 (27.6) 0.47 31(27.2) 18 (23.7) 7 (50) 56 (27.6) 0.13
Secondary infections, 19 (20.7) 20 (23.8) 4(14.8) 43 (21.2) 0.61 23(20.3) 18 (23.7) 2(14.3) 43 (21.2) 0.70

n (%)

?p values were calculated with the use of chi-square test and Kruskal-Wallis test.

In vitro CIITA type Ill promoter activity in association with rs3087456 genotype

Dual luciferase reporter gene assays were used to detect specific CIITA promoter activity. Unexpectedly,
after transfection into a monocyte-like cell line (U937), G-286A*rs3087456 plll activity was significantly lower
than in wild-type (WT) construct (p< 0.001) (Figure 4). Following 6 h stimulation with IFN-y, activity of G-
286A*rs3087456, plll recovered a similar activity than WT promoter (p< 0.001) (Figure 4). As alternative iso-
forms of plll are specific to B and activated-T cells, we transfected a B lymphocyte-like cell line (Raji) anda T
lymphocyte-like cell line (Jurkat T). In B cells, luciferase activity of G-286A*rs3087456 plll was significantly
lower in comparison with WT promoter (p< 0.05), and IFN-y did not restore activity of mutated plll (p = 0.23)
(Figure 4). For T cells, transfection of G-286A*rs3087456 plil did not affect baseline promoter activity, nor
was plll activity increased in response to IFN-y stimulation for transfected or WT promoter (Figure 4). Thus,
although CIITA plll basal activity was reduced in monocytes transfected with G-286A*rs3087456 than WT,
CIITA plll activity was fully restored in G-286A*rs3087456 following IFN-y stimulation.

DISCUSSION

In this study, we showed that G-286A*rs3087456 CIITA plll polymorphism is associated with an increase
28-day mortality in septic shock and a decreased ability to increase mHLA-DR expression across the trajec-
tory of ICU admission. We showed that G-286A*rs3087456 CIITA polymorphism impairs basal activity of plll
promoter without altering CIITA plll and plV isoforms expression, but this reduced activity is fully rescuable
by IFN-y. Difference in the induction profiles between in vitro promoter activity and ex vivo transcripts
expression suggests that IFN-y may act as a transcriptional inducer in G-286A*rs3087456 but not in WT,
where effect appears at a post-transcriptional level (e.g., transcript stabilization).

Genetic polymorphisms are widely recognized as important determinants of the host response to patho-
gens and have been strongly selected in human evolution (Quintana-Murci, 2019). Such polymorphisms
may be pathogen-specific immunodeficiencies (Casanova and Abel, 2007), and/or only quantifiable
following immune challenge, i.e. eQTLs, that are dependent on innate immune context (Fairfax et al.,
2014). Here, we provide data supporting a functionally important variant of the CIITA promoter Il on
mHLA-DR expression in patients and ex vivo experiments, which in turn is associated with poor outcome
in sepsis and may be a realistic target for personalized immunomodulation.

The effect of the G-286A*rs3087456 polymorphism on the regulation of HLA-DR expression has not been

previously studied. To our knowledge, this is the first study to investigate the regulatory effects of this pro-
moter polymorphism. Our results suggest that GG genotype alters plll activity in monocytes and B cells but
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Figure 1. Monocyte HLA-DR expression in 203 patients with septic shock

Circulating monocyte HLA-DR expression is expressed as number of antibodies bound per cell (AB/C). Results are
presented as median with 95% Cl and by genotype of CIlITA rs12596540 and G-286A*rs3087456 in a dominant model. *p<
0.03 vs. basal (Wilcoxon signed rank test).

notin T cells, in a cell-type specific manner. Unexpectedly, on basal condition (e.g., monocytes and B lym-
phocytes from healthy volunteers), plll related transcripts induction is not significantly different between all
haplotypes. Following ex vivo stimulation with IFN-v, plll transcripts expression was increased only in mono-
cytes in both GG and AA or AG genotypes. Similarly, plV transcripts expression is not different in the basal
condition, but expression increases after IFN-y only in monocytes. These suggest that, in healthy condition,
transcriptional induction counteracts altered promoter activity of GG or repressor inhibit transcription in AA
or AG haplotypes, both hypotheses encompassing complex transcription regulatory mechanisms.

This study was unable to identify the precise mechanisms by which CIITA plll polymorphisms are associated
with decreased mHLA-DR expression in individuals homozygous for G-286A*rs3087456. This is unsurprising
given the heterogeneity of transcriptional response during sepsis and complexity of HLA-DR gene regulation.
Recently, immune-enhancing CpG and non-CpG oligodeoxynucleotides (ODNSs) have been described as hav-
ing a role in regulating expression of MHC class Il and costimulatory molecules. Wang et al. (2007) showed that
non-CpG ODNs (rODNs) downregulate HLA-DR expression in monocytes and block promoter lll-directed
transcription of CIITA in these cells. The precise inhibitory molecular effects of rODN on plll activity are not
understood, and more specifically, its precise promoter interaction not studied. Lohsen et al. (2014) described
a distal regulatory element, known as hypersensitive site 1 - HSS1 (located ~3kb upstream of pl) with PU.1,
NF-kB, and Sp1 interacting with plll through a looping interaction. Of interest, proximal regulatory elements
were described, and include inducers (e.g., AP-1, Sp1, CREB, NF-Y, ARE-1, ARE-2), and repressors (e.g., PRDI-
BF1/BLIMP-1, ZBTB32). Other mechanisms are involved in CIITA expression regulation. Among these, in B
cells, restricted access of pl because of extensive DNA methylation induces a switch to plll activation (Lohsen
et al., 2014). The —300 region of CIITA has been well identified as an important proximal regulatory region
(Ghosh et al., 1999). It is plausible that plll G-286A*rs3087456 polymorphism may interfere with transcription
in monocyte during sepsis and CIITA expression be rescued through IFN-y stimulation. Whether this may be
directly related to a cis- or trans-regulatory mechanism is unknown. Ni et al. (2008) identified a dependent
distal enhancer regulating IFN-y-induce expression of CIITA through plV. This IFN-y induce promoter activa-
tion is dependent on BRG1, an ATP-dependent remodeling factor, which promotes the formation of a dy-
namic three-dimensional chromatin loop and demonstrates the importance of distant enhancer/silencer
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Figure 2. Ex vivo HLA-DR expression in monocytes of healthy controls

Results are presented as violin plot with median and quartiles lines, and by genotype of CIITA G-712A*rs12596540 and G-
286A*rs3087456 in an A-dominant model (results for the co-dominant model presented in Figure S2). p values were
calculated using Mann-Whitney Test. ****p< 0.0001 and *p< 0.05.

regions in CIITA expression regulation. In our study we showed that expression in monocyte of plV isoforms
following IFN-y is ~2.7-fold higher than plll, which confirms the preferential activation of plV after IFN-y induc-
tion. Altogether, these facts support the evidence that IFN-v is a preferential inducer of CIITA expression that
may overcome monocytic MHC class Il phenotype triggered by G-286A*rs3087456 polymorphism in septic pa-
tients. The detailed transcriptional mechanism is unknown but the complexity of the regulation of CIITA
expression renders difficult the precise determination out of high-throughput promoter analysis.

CIITA has been shown to regulate the expression of several non-MHC class Il immune related genes such as
interleukin (IL)-4, collagen a2, Fas ligand, and plexin A1 (Ting and Trowsdale, 2002). CIITA was able to inhibit
MMP-9 expression, a matrix metalloproteinase involved in the degradation of extracellular matrix in lung
injury associated with sepsis (Nozell et al., 2004). This effect was mediated by the binding and sequestration
of CREB binding protein by CIITA, and therefore a reduction in promoter activity for MMP-9 — illustrating the
complexity of CIITA-mediated signaling through transcriptional, and non-transcriptional pathways. Pro-
moters of CIITA have previously been implicated in autoimmune diseases, highlighting their role in immuno-
regulation more broadly (Swanberg et al., 2005; Vasseur et al., 2012). Indeed, the greatest challenge to a true
understanding of gene regulation in monocytes is likely to be the integration of proximal (cis) and distal (trans)
regulatory effects on genetic loci in complexes disease, rather than in vitro (Fairfax et al., 2014).

Hereby, we have showed that homozygosity for G-286A*rs3087456 was associated with low mHLA-DR
expression in patients with sepsis, and that IFN-y was able to restore CIITA promoter Il activity. In the sem-
inal article by Docke et al. (1997), authors showed that IFN-y was able to restore monocyte functions in 8
patients with sepsis. More recently, in a cohort of 20 pediatrics and adults’ patients with sepsis, we showed
that immunotherapy with IFN-y was safe to improve the immune host defense, particularly the monocyte
HLA-DR expression in patients with prolonged downregulation of mHLA-DR, and was associated with a
very high survival rate (Nguyen et al., 2021; Payen et al., 2019). These results may suggest the use of
IFN-v as a targeted immune therapy on G-286A*rs3087456 homozygotes GG to rescue mHLA-DR expres-
sion. Leentjens et al. (2012) suggested in healthy volunteers with LPS-induced immunoparalysis that the
modulatory effect of IFN-y is variable, despite the significant increase in mHLA-DR expression. Of interest,
GM-CSF did not induce a significant increase in mHLA-DR in this study (Leentjens et al., 2012). This is in
agreement with the study of Hornell et al. (2003) showing that GM-CSF increase CIITA type | and Ill tran-
script expression but not of type IV. The use of mHLA-DR to assess the risk of secondary infection after sep-
tic shock is well admitted (Lukaszewicz et al., 2010; Wu et al., 2011). The use of a threshold of 8,000 AB/C to
define a reduction in mHLA-DR expression to diagnose an acquired immunosuppression gets more
credence, in particular if it is lasting after day 3 post admission (Monneret et al., 2006; Payen
etal., 2019). Hereby, we showed that rs3087456 GG genotype was significantly associated with unresolving
low mHLA-DR kinetics, predicting a persistent immunodepression phenotype in patients with septic shock.
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Figure 3. Ex vivo mRNA levels for promoter Il and IV isoforms

mRNA level in positively selected CD14" (monocytes) and CD19" (lymphocytes) from healthy controls. Cells were
stimulated or not with IFN-y during é6h before gPCR. Results are presented as truncated violin plot with median and
quartiles lines and by genotype of CIITA G-286A*rs3087456 in an A-dominant model. p values were calculated using
Mann-Whitney Test. ****p< 0.0001, ***p< 0.001 and *p< 0.05.

This study raised number of questions. Among these, the specific effect of CIITA G-286A*rs3087456 on
CIITA transcripts expression in septic patients is unknown. It is probable that regulatory mechanism
(e.g., acute phase response, cytokines, steroids, adrenergic drugs) encountered during sepsis may signif-
icantly modified both transcriptional and post-transcriptional regulation of CIITA, but regarding the rarity
of this SNP, the necessity of immediate ex vivo experiments, such study may be difficult to realize.

This study provides two important insights: First, a genetic susceptibility affecting MHC class Il master
regulator ClITA has been shown to be associated with defective mHLA-DR expression in patients with sep-
tic shock and dismal outcome. This allows us to anticipate the onset of sepsis-induced immunosuppres-
sion. Second, the demonstration of the effect of IFN-vy in restoring the functional consequence of this ge-
notype, suggests the use of this genetic biomarker to identify patients who may benefit of IFN-y-based
immunomodulatory therapy. In conclusion, we report that CIITA G-286A*rs3087456 GG genotype is asso-
ciated with impaired mHLA-DR expression in septic shock, predictive of development of persistent immu-
nosuppression, and demonstrate the effect of IFN-y to rescue altered MHC class Il expression.

Limitations of the study

There are some limitations to be discussed. First, to validate that CIITA G-286A*rs3087456 polymorphism
can be considered as a biomarker of susceptibility to worsening prognosis in patients with septic shock, a
study on a larger cohort of patients would be necessary. Second, because of inclusion before the release of
the new definition of septic shock (Singer et al., 2016), patients were included on the criteria of sepsis with
organ failure and hypotension despite adequate volume resuscitation (Levy et al., 2003). This definition re-
mains close to the more recent one, and they both target the most critically ill patients in septic shock. In
addition, recent data have shown that immunosuppression in ICU, also known as delayed-injury acquired
immunodeficiency, is present in subgroups of severely injured patients, in both septic and non-septic pa-
tients (Venet et al., 2022). Therefore, this study provides an opportunity to discuss an example of the use of
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genetic biomarker through the understanding of the underlying immune mechanism, which can be used in

all severe ICU patients.
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PE/Monocyte PerCP-Cy™5.5

PE Phycoerythrin Fluorescence Quantitation Kit
CD20 Antibody, anti-human, FITC
PE Mouse Anti-Human CD14

Fc Receptor Binding Inhibitor
Polyclonal Antibody, eBioscienceTM

PE Mouse Anti-Human CD14
PE-Cy™7 Mouse Anti-Human HLA-DR

BD Biosciences

BD Biosciences
Miltenyi Biotec
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Thermo Fisher Scientific

BD Biosciences

BD Biosciences

Cat#340827; RRID: AB_400137
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Cat#347497; RRID: AB_400312
Cat#14-9161-73; RRID: AB_468582
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Cat#560651; RRID: AB_1727528

Biological samples

Blood sample from adult patient

Critical Care Unit of the Department of
Anesthesiology, LariboisiereUniversity
Hospital, Assistance Publique
Hépitaux deParis, France

Cochin Hospital Ethics
Committee (# CCPPRB 2061)

Blood sample from healthy blood donors French national blood collection center N/A
(Etablissement Francgais du Sang, EFS)

Chemicals, peptides, and recombinant proteins

Recombinant Human Interferon ImmunoTools Cat#11343537

Gamma (rh IFN-gamma)

Critical commercial assays

iScript™ cDNA Synthesis Kit Bio-Rad Cat#1708891

Dual-Glo® Luciferase Assay System Promega E2940

SNP Genotyping Analysis Using TagMan Assays ThermoFisher Scientific N/A

TurboFect Transfection Reagent ThermoFisher Scientific Cat#R0531

Deposited data

FHU Sepsis: personalized interventions This paper https://www.thu-sepsis.uvsq.fr
Experimental models: Cell lines
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Raji ATCC CCL-86
Oligonucleotides

SNP genotyping; CIITA-P3 SNP-712 Tagman probe: This paper N/A
ATGGGAGTCAGTATTATTTAGCATCIA/GICTTTGG

CGGGTCACCCCAAACCATC

SNP genotyping; CIITA-P3 SNP-286 Tagman probe: This paper N/A
GAAGTGAAATTAATTTCAGAGGTGTIA/G]GGGAG

GGCTTAAGGGAGTGTGGTAA

QPCR CIITA isoforms; Promoter1 f: This paper N/A
CATGGTGGCAGCTCAC

QPCR CIITA isoforms; Promoter3 f: This paper N/A
CCCAAGGCAGCTCACA

QPCR CIITA isoforms; Promoter4 f: This paper N/A
GAACAGCGGCAGCTCA
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HURPLPO3 r: ACATCACTCAGGATTTCAATGG This paper N/A
Recombinant DNA

pGL3 Luciferase Reporter Vectors Promega E1761
pRL Renilla Luciferase Control Promega E2241
Reporter Vectors TK

pRL Renilla Luciferase Control Reporter Promega E2271

Vectors no promoter

Software and algorithms

Arlequin ver 3.11

PLINK

Stata

GraphPad Prism version 9.0
FlowJo

Beacon Designer 7.0

Excoffier and Schneider, 2005
Purcell et al., 2007

Stata Corp, 2016

GraphPad Software

BD Life Sciences

PREMIER Biosoft

http://cmpg.unibe.ch/software/arlequin3/
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www.graphpad.com
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Liu and Naismith, 2008

https://pubmed.ncbi.nlm.nih.gov/19055817/

single and multiple-site plasmid

mutagenesis protocol

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Pierre Tissieres (pierre.tissieres@i2bc.paris-saclay.fr).

Materials availability

e This study did not generate new unique reagents.

e Plasmids generated in this study have not been deposited.

Data and code availability

Data reported in this paper will be shared by the lead contact upon request. This article does not report
original code. Any additional information required to reanalyze the data reported in this article is available
from the lead contact on request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Study design and setting

This was a single center observational study with sequential recruitment of patients admitted in the Critical
Care Unit of the Department of Anesthesiology, Lariboisiére University Hospital, Paris, France, between
February 2004 and November 2005. The study was approved by the Cochin Hospital Ethics Committee
(# CCPPRB, 2061), Assistance Publique Hoépitaux deParis. Patients were screened at admission by
attending intensive care physicians for the inclusion criteria: presence of septic shock (Levy et al., 2003)
and age >18 years. There were no exclusion criteria. Eligible patients (or their representatives) gave
informed written consent for the study. Clinical and biological characteristics were prospectively collected
from recruited patients, including demographic characteristics, severity scores (SAPS II: Simplified Acute
Physiology Score Il and SOFA: Sequential Organ Failure Assessment), infection foci, baseline health status
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and medications and routinely measured laboratory markers. Peripheral blood was sampled into EDTA an-
ticoagulants tubes (Vacutainer, Becton Dickinson, USA) at days 1, 2, 7, 14, 21 and 28 following ICU admis-
sion for mHLA-DR assays, and upon recruitment to the study for genotyping. Of 221 patients with septic
shock recruited to the study, daily data from day of ICU admission to >7 days and genomic DNA was avail-
able from 203 patients (Figure S1). The median age of the study cohort was 61 years (range: 18-94), with a
majority of men (65%) (Table 1).

Healthy human control samples

For ex vivo and in vitro experiments, peripheral blood from healthy blood donors were collected at the
French national blood collection center (Etablissement Francais du Sang, EFS) following written informed
consent was obtained from healthy volunteers.

Cell lines

Human leukemic monocyte lymphoma cell line U937 and human Burkitt's lymphoma cells (Raji) were
cultured in RPMI 1640 containing 10% heat-inactivated fetal bovine serum (FBS), 1.0 mM sodium pyruvate,
amino acids, 20 mM HEPES, 100 U/ml penicillin, 100 pg/mL streptomycin at 37°C in 5% CO,.

METHOD DETAILS

Genotyping

Genotyping was performed blinded to the clinical data. Genomic DNA (gDNA) was extracted from 200 pL
of peripheral whole blood using the NucleoSpin Blood kit (Macherey-Nagel, Diren, Deutschland)
following manufacturer’s instruction. Presence of two SNPs: G-286A*rs3087456 and G-712A*rs12596540
located on the CIITA plll was assessed using commercially available TagMan assays (Life Technologies,
La Jolla, CA) to discriminate between the two SNPs (Table S1). Real time allelic discrimination assays
were performed using SsoFast Probes Supermix (Bio-Rad, Hercules, CA) and a CFX-96 real-time PCR sys-
tem (Bio-Rad, Hercules, CA). Genotyping was performed blinded to the clinical data. Genomic DNA con-
centration was measured (NanoDrop, 2000 spectrophotometer, ThermoFisher, Waltham, MA) and quality
assessed (260/280 ratio between 1.7 and 1.9).

Flow cytometry to assay mHLA-DR

Quantification of mMHLA-DR on circulating monocytes from patients with sepsis was performed using a stan-
dardized flow cytometry assay (Demaret et al., 2013). Anticoagulated whole blood was stained with anti-
bodies to HLA-DR and CD14 mixture (QuantiBrite anti-HLA-DR PE/anti-monocyte CD14 PerCP-Cy5.5, Bec-
ton Dickinson, CA), prior to lysis, washing, and acquiring of HLA-DR expression on monocytes using BD
FACSCanto (BD Biosciences, Franklin Lakes, NJ). To quantify, the median fluorescence intensity of the
entire monocyte population was then transformed to number of antibodies per cell (AB/C) using calibrated
PE beads (BD QuantiBRITE PE BEADS, Becton-Dickinson San Jose, CA). Results were analyzed using
FlowJo (TreeStar Inc, Ashland, OR). and mixed with calibrated PE beads (BD Quantibrite PE BEADS, Becton
Dickinson, CA).

mHLA-DR expression upon exposure to IFN-y

Peripheral blood mononuclear cells (PBMCs) from healthy volunteers were isolated by Ficoll density-
gradient centrifugation. B cells and monocytes from blood donors were isolated using positive selection
with MS columns and the CD19 and CD14 Microbeads kits, respectively (Miltenyi Biotec, Bergisch Glad-
bach, Germany) following manufacturer’s protocols. Purity was assessed by flow cytometry, using anti-
CD20-FITC (Miltenyi Biotec, Bergisch Gladbach, Germany), and anti-CD14-PE (BD Biosciences, Le Pont
deClaix, France). Isolated cells had an average purity of 90% (+8%).

For analysis of healthy donors’ blood, isolated peripheral blood mononuclear cells (PBMCs), monocytes
and B cells were washed once in PBS. After being washed once in cold PBS, cells were incubated at 4°C
for 15" with the Human Fc Receptor Binding Inhibitor (eBioscience, San Diego, CA) to avoid unspecific bind-
ing of labeled antibodies. Cells were then incubated with fluorescently labeled antibodies were added for
15minat 4°C. The antibodies mix contained: Fluorescein isothiocyanate (FITC)-conjugated anti-CD20
(mouse monoclonal 19G1k, clone LT20, Miltenyi Biotec, Bergisch Gladbach, Germany), phycoerythrin
(PE)-conjugated anti-CD14 (mouse monoclonal IgG2¢,k, clone M5E2, BD Biosciences, Franklin Lakes NJ)
and PE-cyanine 7 (PE-Cy7)-conjugated anti-HLADR (mouse monoclonal 1gG2a,k, clone G46-6, BD
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Biosciences, Franklin Lakes, NJ). After two PBS washes, cells were suspended in 1% paraformaldehyde.
Flow cytometry was performed on a BD FACSCanto (BD Biosciences, Franklin Lakes, NJ) and results
analyzed by the software FlowJo (TreeStar Inc, Ashland, OR).

PBMCs were cultured in 24-well plates at 2 x 10° cells/ml in RPMI with 10% FBS at 37°C, 5% CO,. Isolated
CD14™ cells were cultured at 2.5 x 10° in 24-well plates in DMEM with 5% FBS at 37°C, 5% CO,. Isolated
CD19" cells were cultured at 10° cells in 96-well plates in RPMI 10% FBS at 37°C, 5% CO,. Cultured cells
were incubated in the presence or absence of 50 Ul/ml of human recombinant IFN-y (ImmunoTools, Frie-
soythe, Germany). After 6 h, CD14" and CD19" cells were harvested for RNA extraction, whilst after 24 h,
PBMCs were collected for flow cytometry analysis.

Total RNA isolation and quantitative PCR analysis

Total RNA was isolated from monocytes and B cells using the NucleoSpin® RNA XS (Macherey-Nagel, Di-
ren, Deutschland), following manufacturer’s instruction. cDNA was generated from 200 ng of total RNA us-
ing iScript™ cDNA Synthesis Kit (Bio-Rad, Hercules, CA). Primers for each CIITA isoform and for the large
subunit of ribosomal protein (RPLPO), were designed using the software Beacon Designer 7.0 (PREMIER
Biosoft, Palo Alto, CA) and are reported in together with working concentrations and amplification effi-
ciencies (Table S1). RPLPO was used as a reference gene and the relative quantity of the transcript was
calculated by the 2-AACt method (Livak and Schmittgen, 2001). PCR reactions were performed in a
CFX9%6 real time PCR system (Bio-Rad Hercules, CA) using the SsoFast EvaGreen Supermix (Bio-Rad, Her-
cules, CA).

Transfection and plasmid and dual-luciferase reporter assays

Four x 10° cells (Human leukemic monocyte lymphoma cell line U937 and human Burkitt's lymphoma cells
Raji) were transfected with 1 ug of reporter plasmid and 10 ng of pRL Renilla luciferase vector (Promega,
Madison, WI) using Turbofect™ Transfection Reagent (Thermo Fisher Scientific, Fermentas, Waltham,
MA). After transfection, the cells were incubated for 30 h and stimulated by 50 Ul/ml rIFN-y
(ImmunoTools, Friesoythe, Germany) for éh or left untreated.

The 1200 bp of the plll promoter of MHCIITA was cloned in pGL-3 firefly luciferase reporter vector (Prom-
ega, Madison, WI). SNPs G-286A*rs3087456 and G-712A*rs12596540 were inserted by using site-specific
mutagenesis following published protocols (Stratagene, La Jolla, CA) (Liu and Naismith, 2008). All the
inserts were verified by Sanger sequencing. Dual-Luciferase assay was performed with the Dual-Glo lucif-
erase Assay (Promega, Madison, WI), following manufacturer’s instructions. Firefly and Renilla luciferase
substrates fluorescence was recorded by a Tri-Star LB 941 (Berthold Technologies, Wilbad, Germany).
As an internal control, pRL-TK, expressing the Renilla luciferase under the control of the constitutive TK
promoter was co-transfected (Promega, Madison, WI). Results are represented by the mean value and
the standard deviation and are expressed as relative luciferase activity (ratio of firefly luciferase activity
to renilla luciferase activity). To confirm the results, experiments were performed in triplicates and each
one was carried out three times.

QUANTIFICATION AND STATISTICAL ANALYSIS

Allele and genotype frequencies were calculated by direct counting. Hardy-Weinberg equilibrium for the
two SNPs was assessed by the software Arlequin v3.11. Analysis of association between genotype and
binomial clinical outcomes using different genetic models was performed by using the software plink
(http://pngu.mgh.harvard.edu/~purcell/plink/).

Results are presented as range and median for continuous variables and as proportion of total for categor-
ical variables. Differences in HLA-DR, SOFA and SAPS Il scores for the different genotypes were analyzed
by using the Kruskal-Wallis test run in Stata software. The Wilcoxon rank-sum test was applied to analyze
continuous variables between different genotypes. Mann-Whitney Test was applied for analysis of
luciferase experiments by using the software GraphPad Prism 9.0. p values <0.05 were considered
significant.
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