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Sepsis is associated with a dysregulated inflammatory response to infection. Despite
the activation of inflammation, an immune suppression is often observed, predisposing
patients to secondary infections. Therapies directed at restoration of immunity may
be considered but should be guided by the immune status of the patients. In this
paper, we described the use of a high-dimensional flow cytometry (HDCyto) panel
to assess the immunophenotype of patients with sepsis. We then isolated peripheral
blood mononuclear cells (PBMCs) from patients with septic shock and mimicked
a secondary infection by stimulating PBMCs for 4h in vitro with lipopolysaccharide
(LPS) with or without prior exposure to either IFN-y, or LAG-3lg. We evaluated the
response by means of flow cytometry and high-resolution clustering cum differential
analysis and compared the results to PBMCs from healthy donors. We observed
a heterogeneous immune response in septic patients and identified two major
subgroups: one characterized by hypo-responsiveness (Hypo) and another one by
hyper-responsiveness (Hyper). Hypo and Hyper groups showed significant differences
in the production of cytokines/chemokine and surface human leukocyte antigen-DR
(HLA-DR) expression in response to LPS stimulation, which were observed across all cell
types. When pre-treated with either interferon gamma (IFN-y) or lymphocyte-activation
gene 3 (LAG)-3 recombinant fusion protein (LAG-3Ig) prior to LPS stimulation, cells from
the Hypo group were shown to be more responsive to both immunostimulants than cells
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by Mann-Whitney test.

FIGURE 2 | Proportion of immune cell subsets in PBMCs. (A) Uniform Manifold Approximation and Projection (UMAP) displays the median expression levels of all the
type markers on total untreated PBMCs (no treatment or LPS stimulation) in HC and sepsis. (B) 50 meta-clusters, as defined by dominant cell frequency, are shown
on UMAP. Based on the presence or absence of specific type markers as shown in (A), the 50 meta-clusters are annotated into seven immune cell subsets. (C)
Relative proportions of the meta-clusters in PBMCs are compared between HC and sepsis. (D) Proportions of the seven immune cell subsets in PBMCs are shown in
10 HC (HC-1 to HC-10) and 13 Sepsis patients (Sepsis-1 to Sepsis-13). Values from each subject were plotted. (E) Bar diagram represents mean proportion of each
immune cell subset as indicated on the X-axis in HC vs. sepsis. Data represents mean + SD; *P < 0.05, **P < 0.01, **P < 0.001, ***P < 0.0001, were determined

these patients in addition to the above-mentioned clinical data
can be found in Supplementary Table 2.

Differential Responses of Hypo and Hyper

Subgroup of Sepsis to IFN-y or LAG-3Ig

To determine if Hyper and Hypo subgroups would respond
differently to IFN-y or LAG-3Ig, we performed DS analysis
within each subgroup by comparing median expression of the
state markers under “No treatment + LPS” (LPS) to that
under either “IFN-y pretreatment + LPS” (IFN-y) or “LAG-
3Ig pretreatment + LPS” (LAG-3Ig) conditions. As shown in
Figures 5A,B, immune cell subsets from the Hypo subgroup of
sepsis showed significant responses to either IFN-y or LAG-3Ig.

Within each cell subset, the meta-clusters which demonstrated
significant responses to either treatment were squared out in red.
In response to IFN-y + LPS, three meta-clusters (#29, 34, and 42)
within CD14™ monocytes from the Hypo subgroup had higher
TNF-o expression and meta-cluster #34 also had higher IL-2
expression as compared to no treatment LPS group (Figure 5A).
Two meta-clusters (#23 and 31) within CD41 T cells from the
Hypo subgroup also responded to IFN-y by producing more IL-
10 as compared to no treatment LPS group. Figure 5B showed
responses of the Hypo group to LAG-3Ig treatment as compared
to no treatment LPS group. All four meta-clusters of CD4™" T cells
(#22, 23, 31, 37, and 40), two meta-clusters within CD8™ T cells
(#11 and 45) responded to LAG-3Ig by producing more IL-10.
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FIGURE 3 | Subgroups in sepsis. (A) UMAP displays the median expression levels of all the type and state markers on total PBMCs after 4 h of LPS stimulation
without pretreatment in HC and sepsis. (B) Heatmap represents the hierarchical clusters based on the median expression levels of all the type and state markers as in
(A). Five samples from sepsis group (Sepsis-2, 3, 4, 5, and 8) formed a cluster named as “Hyper” subgroup and the other eight samples (Sepsis-1, 6, 7, 9, 10, 11, 12,
and 13) formed a different cluster named as “Hypo” subgroup.
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FIGURE 4 | Commonality and difference between the Hyper and the Hypo subgroups. (A) Venn diagram represents the number of state markers across 50

meta-clusters of PBMCs that are significantly different between Hyper and HC (in orange) or between Hypo and HC (in blue). The area highlighted in green represents

changes that are found in both Hyper and Hypo subgroups compared to HC. (B) Bar diagram represents fold changes (logFC) at the expression levels of eight state
(Continued)
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determined by Mann-Whitney test.

FIGURE 4 | markers that are significantly altered in Hypo subgroup compared to HC. A representative cluster is shown. (C) Bar diagram represents fold changes
(logFC) at the expression levels of eight state markers that are significantly altered in Hyper subgroup compared to HC. A representative cluster is shown. (D)
C-reactive protein (CRP), serum lactate level, whole blood count (WBC), Sequential Organ Failure Assessment (SOFA) score and Acute Physiology and Chronic Health
Evaluation (APACHE) Ill score are compared between the Hyper and the Hypo subgroups. Data represents mean + SD and P < 0.05 is considered significant as
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FIGURE 5 | Responses of the Hypo subgroup to IFN-y or LAG-3Ig pretreatments. UMAP represents the 50 meta-clusters and their corresponding immune cell
subsets in sepsis as shown in Figure 2B. Meta-clusters that are showing significant responses to either IFN-y or LAG-3Ig are squared out in red. Representative flow
plots of the representative meta-clusters demonstrate responses of the Hypo subgroup to IFN-y pretreatment (A), the Hypo subgroup to LAG-3Ig pretreatment (B).

Seven meta-clusters within CD14+ monocytes (#18, 19, 29, 33,
34, 42, and 44) produced more IFN-y and IL-2 in response to
LAG-3Ig. An increased CCL-4 expression was observed in meta-
cluster #21 within NK cells in response to LAG-3Ig. On the other
hand, responses of the Hyper subgroup to either IFN-y or LAG-
3Ig were less prominent compared to the Hypo subgroup. The
Hyper subgroup demonstrated no significant responses to IFN-y
treatment (data not shown) and minimal responses to LAG-3Ig
as shown in Supplementary Figure 3.

DISCUSSION

The immune response during sepsis is variable and often
changes as the disease progresses (4). Many factors determine

the immune response such as the nature and virulence of the
pathogens, site of infection, patient’s genetics, physical condition
and co-morbidities. It is therefore crucial to assess individual
patient’s immune status to personalize any immune-modulatory
therapy. However, the complex nature of immune response
during sepsis requires a comprehensive analysis to capture
changes to the important immune cells and their functions,
which may allow accurate identification of patients that would
benefit from immune modulating treatment. Current markers
of sepsis including WBC, CRP, procalcitonin (PCT) or HLA-
DR are insufficient for this purpose. CRP and PCT both
indicate the acute phase of inflammatory responses but are not
helpful in detecting immunosuppression in septic patients (37—
39). Decreased expression of HLA-DR on monocytes is so far
the best biomarker for detecting immunosuppression in sepsis
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(11, 40), but is limited to one cell type and does not provide
information on the status of other immune cells. We have also
shown in the current study that clinical characteristics such
as WBC, CRP, serum lactate, SOFA and APACHE III score,
monocytic HLA-DR expression and previous site of infections
do not reveal the difference in patient’s immune status as
demonstrated between the Hyper and the Hypo subgroups
(Figure 4D, Supplementary Table 2, Supplementary Figure 4).

In this study, we investigated the potential of HDCyto in
revealing and assessing the heterogeneity of immune responses
in patients with septic shock. The uniqueness of our HDCyto
panel is the incorporation of markers for both enumeration
of major immune cell subsets within PBMCs and assessment
of functional status of the individual subset. This provided a
broad-spectrum clarity on the overall immune status of PBMCs.
Importantly, HDCyto analysis tools that were used in this study,
including FlowSOM, diffcyt, and CATALYST analysis, provide
the means to dissect heterogeneity, and hence identify changes
that may be missed if analyzed using 2D approaches, due to
the variations within each immune subset. Using this approach,
we discovered that immune responses in PBMCs from septic
shock patients were significantly altered compared to those from
healthy controls, which were observed across all immune cell
subsets analyzed. Furthermore, our results revealed, for the
first time, two subgroups with distinct immune profiles were
present within the sepsis group. The Hyper subgroup was found
to have an overall higher production of all state markers in
response to in vitro LPS stimulation, than the Hypo subgroup.
In particular, we observed an increase of HLA-DR expression
on NK cells in the Hyper subgroup as compared to the Hypo
subgroup. HLA-DRT NK cells have been associated with a less
mature phenotype with antigen-presentation ability (41, 42). This
might explain the overall hyper-responsiveness as seen in the
Hyper subgroup where NKs, in addition to professional antigen-
presenting cells such as DCs, leads to further activation of T-
cells. Another interesting finding about the Hyper subgroup is
the increased IL-17A production by CD19% B cells and CD8*
T cells when compared to the Hypo subgroup. Traditionally,
IL-17A was thought to be produced mainly by activated Th-
17 cells. However, production of IL-17A by other immune cell
types such as CD8™ T cells and CD19™ B cells has been reported
previously and has been associated with inflammatory disease
(43, 44). IL-17A production by CD8" T cells has also been
associated with persistent immune activation in patient with HIV
(44). This again explains the hyper-responsiveness as seen in the
Hyper subgroup.

We then proceed to assess whether the identification of
these two subgroups could help predict responses to immune-
modulatory therapy. We evaluated the ex vivo effects of
immunostimulant agents IFN-y and LAG-3Ig on PBMCs. Our
results showed that the Hyper subgroup did not respond as
much as the Hypo subgroup to either IFN-y or LAG-3Ig in
terms of changes in the expression of state markers on different
immune cell subsets. Given that the Hyper subgroup already
had an elevated basal level of all the state markers compared to
the Hypo subgroup, this result is not surprising and suggests
that immunostimulant treatment is likely to be ineffective or

potentially harmful in the “Hyper” subgroup. We can only
speculate whether these patients potentially respond to immune
suppressive treatment such as steroids. On the other hand, the
PBMCs from the Hypo subgroup, exposed to IFN-y prior to LPS
stimulation, showed increased IL-10 and TNF-a production in
CD4™" T cells and monocytes. Similarly, exposure to LAG-3Ig
also enhanced the production of IL-10 in CD4" and CD8™ T cells
and CCL-4 production in NKs.

The effects of IFN-y were seen mainly in monocytes, but
not in other cells (Figure5A), which is likely due to the
limited 4 h stimulation with a Toll-like Receptor 4 agonist LPS.
Further studies may be required to investigate the effect of IFN-
y over longer periods of stimulation with different stimulus.
In comparison to IFN-y, LAG-3Ig seemed to have pleiotropic
effects on different immune cells subsets including monocytes,
NKs, CD4" and CD8" T cells (Figure 5B). Whether or not
sepsis patients with “Hypo-like” immune status will benefit from
immunostimulant therapy such as IFN-y or LAG-3Ig, remains to
be investigated further.

This study using HDCyto provides a deeper understanding
of the altered immune phenotype in severe sepsis, providing a
window to future therapies. Our small study demonstrated the
feasibility and advantage of using HDCyto in assessing immune
signature of sepsis patients. It is important to note that many of
our findings are in line with previous studies (8, 11, 22, 29, 45),
with our panel allowing for assessments in numerous immune
cell subsets at the same time. Being able to group patients
based on the overall immune status is an important finding.
We also demonstrated that the identified groups differed in
their response to pretreatment with immune modulatory agents.
Further investigations on various ex vivo stimulations followed
by HDCyto analyses in monitoring patients immune status and
their response to immunomodulatory treatments such as IFN-
¥, immune checkpoint inhibitors, tocilizumab and steroids, may
allow clinician to tailor sepsis treatments. The protocol for the
assessment of intracellular cytokines in this study requires hours
of stimulation before measurements. Future studies may aim to
find surface markers that could be used as surrogates for immune
cell functions, such as CD69, CD80, CD86, PD-1, PD-LI, or
LAG-3 among others. This would be critical for timely clinical
application of HDCyto in triaging sepsis patients promptly before
receiving immunotherapies.
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