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Background: Sepsis is characterized by heterogeneous immune responses that may evolve during
the course of illness. This study identified inflammatory immune responses in septic patients re-
ceiving vitamin C, hydrocortisone, and thiamine.

Methods: This was a single-center, post-hoc analysis of 95 patients with septic shock who re-
ceived the vitamin C protocol. Blood samples were drawn on days 1-2, 3-4, and 6-8 after shock
onset. Group-based multi-trajectory modeling was used to identify immune trajectory groups.
Results: The median age was 78 years (interquartile range, 70-84 years), and 56% were male.
Clustering analysis identified group 1 (n=41), which was characterized by lower interleukin (IL)-6,
tumor necrosis factor (TNF)-a, and IL-10 levels, and these levels remained stationary or mildly in-
creased until day 7. Conversely, group 2 (n=54) expressed initially higher IL-6, TNF-a, and IL-10
levels that decreased rapidly by day 4. There was a nonsignificant increase in lymphocyte count
and a decrease in C-reactive protein level until day 7 in group 2. The intensive care unit mortality
rate was significantly lower in group 2 (39.0% vs. 18.5%, P=0.03). Group 2 also had a significant-
ly higher decrease in the mean (standard deviation) vasopressor dose (norepinephrine equivalent:
-0.09%0.16 pg/kg/min vs. -0.23%0.31 pg/kg/min, P<0.001) and Sequential Organ Failure Assess-
ment score (0£5 vs. —-4+3, P=0.002) between days 1 and 4.

Conclusions: There may be different subphenotypes in septic patients receiving the vitamin C
protocol.
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INTRODUCTION

Sepsis is a dysregulation of host response to infection that results in organ dysfunction and
frequently death [1]. Despite major advances in critical care management, sepsis-related
morbidity and mortality remain markedly high [2]. Sepsis has a complex pathophysiology
that involves proinflammatory and anti-inflammatory responses, oxidative burst, endothelial
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dysfunction, coagulation activation, and metabolic dysfunc-
tion [3]. In addition, immune responses to sepsis may be het-
erogeneous among patients and evolve during the course of
illness. Incorporating biological heterogeneity with biomark-
ers could help in providing individualized treatment. A recent
phase 2a trial investigating the safety and tolerability of an
adrenomedullin antibody in septic shock showed that patient
enrollment based on the adrenomedullin level was feasible [4].
It may also be useful to monitor the immune status of septic
patients and identify those who would benefit from immuno-
modulatory agents.

Vitamin C has pleiotropic mechanisms of action that target
multiple pathogenic pathways in sepsis. Several possible ben-
eficial effects include antioxidant, anti-inflammatory, immu-
nomodulatory, and antithrombotic activities [5]. A preclinical
model showed that vitamin C and hydrocortisone synergis-
tically reversed the lipopolysaccharide-induced barrier dys-
function [6]. Thiamine, the enzyme required for converting py-
ruvate to acetyl-CoA for entry into the Krebs cycle [7], has also
been suggested as a treatment option for sepsis. However, the
effects of the combination of vitamin C, hydrocortisone, and
thiamine (the vitamin C protocol) on clinical outcomes have
been inconsistent among previous randomized trials [8-10]. It
is possible that these outcomes may have been affected by pa-
tient heterogeneity. In a recent study, a 33-mRNA classifier was
able to distinguish host response endotypes with prognostic
significance among patients from the Outcomes of Metabolic
Resuscitation Using Ascorbic Acid, Thiamine, and Glucocor-
ticoids in the Early Treatment of Sepsis trial (ORANGES) [11].
However, there was no difference in survival when the patients
receiving the vitamin C protocol were stratified according to
these endotypes. Thus, it has been a challenge to identify the
optimal population of patients with sepsis who would benefit
from the vitamin C protocol. The present study aimed to iden-
tify the subphenotypes of inflammatory immune responses in
septic patients receiving the vitamin C protocol.

MATERIALS AND METHODS

Study Design and Population

This was a post-hoc analysis of a prospective cohort study
conducted in an 835-bed university-affiliated tertiary care hos-
pital (Chung-Ang University Hospital, Seoul, Korea) between
September 2019 and July 2021. Written informed consent was
obtained directly from participants who were deemed to have
the capacity to make their own decisions. If a participant was
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KEY MESSAGES

= Clustering analysis identified two subphenotypes of in-
flammatory immune responses in septic patients receiv-
ing vitamin C, hydrocortisone, and thiamine.

= Group 1 involved sustained levels of interleukin (IL)-6,
tumor necrosis factor-a, and IL-10, while group 2 in-
volved higher initial levels of these cytokines that rapidly
declined thereafter.

= Group 2 demonstrated a better clinical course and lower
intensive care unit mortality, and inclusion in group 2
was independently associated with a lower risk of 60-day
mortality.

not determined to be capable of consent due to current mental
or physical state, a legally authorized representative was asked
to provide consent. The study protocol was approved by the
Institutional Review Board of Chung-Ang University Hospital
(No. 1820-006-353).

Adult patients (age >19 years) who were admitted to the
medical intensive care unit (ICU) within 48 hours of diagno-
sis of septic shock and received the vitamin C protocol were
screened for inclusion. Patients were excluded if they were
aged <19 years, did not have septic shock, did not receive the
vitamin C protocol, had cardiac arrest, were moribund and not
expected to survive 24 hours, had a do-not-resuscitate order,
refused to participate, or did not have available blood samples.
Septic shock was defined as sepsis with persisting hypotension
requiring vasopressors to maintain a mean arterial pressure
of 265 mm Hg and a serum lactate level of >2 mmol/L despite
adequate fluid resuscitation [1]. However, patients with sus-
pected infection who had serum lactate levels of <2 mmol/L
but required high-dose vasopressors were also screened.

The vitamin C protocol involved a combination of intrave-
nous vitamin C 1.5 g every 6 hours for 4 days, hydrocortisone
50 mg every 6 hours for 7 days, and thiamine 200 mg every
12 hours for 4 days [12]. Patient management was performed
according to the recommendations from the 2016 Surviving
Sepsis Campaign guidelines [13].

Data Collection and Variable Definition

Baseline data including age, sex, body mass index, incidence
of comorbidities, nosocomial infection, bacteremia, and
acute respiratory distress syndrome (ARDS), cause of sepsis,
Acute Physiology and Chronic Health Evaluation (APACHE)
II score [14], Sequential Organ Failure Assessment (SOFA)
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score [15], antibiotics, mechanical ventilation, and renal
replacement therapy were collected. Clinical data of vital
signs, laboratory tests, vasopressor dose, SOFA score, fluid
intake, and output volumes within the first 4 days after ICU
admission were also collected. The daily vasopressor dose
was acquired at 07:00 and converted to an equivalent norepi-
nephrine dose [16]. Moreover, the time of shock onset and
of vitamin C protocol initiation and discontinuation were re-
corded. ARDS was diagnosed using the Berlin definition [17].
Vasopressor weaning was defined as not receiving vasopres-
sors for 248 hours. Ventilator weaning was determined as be-
ing free from ventilator support for 248 hours. Superinfection
was determined as a diagnosis of a new microbiological in-
fection that occurred >48 hours after admission and required
a new course of antibiotics.

Biomarker Measurement

Blood samples were prospectively collected at three time
points after septic shock diagnosis: days 1-2, 3-4, and 6-8. The
samples were evaluated for interleukin (IL)-6, tumor necrosis
factor (TNF)-a, and IL-10 levels by blinded laboratory phy-
sicians, using the sandwich enzyme-linked immunosorbent
assay kit (human IL-6/TNF-a/IL-10 Quantikine ELISA Kit,
R&D Systems). In addition, lymphocyte counts from complete
blood cell counts and C-reactive protein (CRP) levels at days
1-2, 3-4, and 6-8 after septic shock diagnosis were recorded.

Statistical Analysis
Continuous data were presented as the mean (standard de-

viation [SD]) or as the median (interquartile range [IQR]) and
were compared using the Mann-Whitney U-test. Categorical
data were presented as the number (percentage) and were
compared using the chi-square test or Fisher’s exact test, as
appropriate. Missing values of lymphocyte count, CRP level,
lactate level, norepinephrine equivalent dose, and inflamma-
tory biomarker level were imputed using the last observation
carried forward (LOCF) approach. For missing SOFA scores, a
maximum SOFA score of 24 was assigned to deceased patients,
and the LOCF approach was used for discharged patients [18].

To define the trajectories of serial biomarker patterns re-
gardless of clinical information, group-based multi-trajectory
modeling (GBMTM) was performed based on longitudinal
measurements (days 1-2, 3-4, and 6-8) of lymphocyte count
and CRP, IL-6, TNF-q, and IL-10 levels. Briefly, GBMTM is an
application of finite mixture modeling designed to identify la-
tent clusters of individuals following similar trajectories across
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multiple variables of interest [19]. Maximum likelihood was
used to determine both the trajectory shape for each group
and the estimated probabilities of each individual belonging
to each trajectory group. The Akaike information criterion and
the Bayesian information criterion were used for measuring
the adequacy and fit of trajectory model and final model se-
lection. Standardization (centering and division by the sample
SD) was performed to enable comparisons among the mea-
surements of different biomarkers [20].

Baseline characteristics and inflammatory biomarkers,
clinical course, and outcomes were compared between the
identified trajectory groups. To minimize survivorship bias,
a rank-based statistical analysis was performed by applying
a worst-rank SOFA score to deceased patients. However, this
may have introduced additional sources of bias. Thus, a sen-
sitivity analysis was conducted to test the consistency of the
main results, with the SOFA scores recalculated excluding
those of the deceased patients. Multivariable Cox proportional
hazard regression was performed to quantify the association
of baseline characteristics and of the trajectory groups with 60-
day mortality. Significant variables in the univariate analysis of
<0.05 were included in the multivariate analysis with stepwise
backward selection. Survival curves were plotted and com-
pared between the trajectory groups using Cox regression. All
statistical analyses were performed using SAS software ver. 9.4
(SAS Institute) and the corresponding implementation PROC
TRA]J, freely available at https://www.andrew.cmu.edu/~b-
jones/index.htm. All tests were two tailed, and differences

were considered statistically significant at a P-value of <0.05.

RESULTS

Patient Characteristics

Among the 392 patients identified with sepsis, 95 had septic
shock diagnosis and were analyzed (Figure 1). The median age
was 78 years (IQR, 70-84 years), with a higher proportion of
men (56%). In total, 26 patients (27.4%) died in the ICU. The
baseline characteristics of the survivors and non-survivors are
described in Supplementary Table 1. Non-survivors were more
likely to be immunosuppressed, have pneumonia, have higher
APACHE II and SOFA scores, and have higher requirements
for mechanical ventilation and renal replacement therapy. The
mean (SD) duration of vitamin C administration was 4.0+0.9
days for survivors and 4.0+1.8 days for non-survivors (P=0.12).
The median time from shock onset to initiation of the vitamin
C protocol was significantly shorter in survivors (1 hours [IQR,
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392 Patients admitted to medical ICU within
48 hr of sepsis screened for inclusion

v

297 Excluded

59 Not septic shock

55 Did not receive vitamin C protocol
7 Cardiac arrest

17 Not expected to survive 24 hr
5 Do-not-resuscitate order

67 Refused to participate

87 Did not have blood samples

95 Enrolled for clustering analysis

69 ICU survivors 26 ICU non-survivors

Figure 1. Patient inclusion flowchart. ICU: intensive care unit.

Table 1. BIC and AIC values and predicted group proportions from GBMTM

41 Group 1 54 Group 2

Patients in each predicted group (%)

Group BIC AIC
1 2 3 4 5 6 7
2 -1,786.28 -1,731.37 432 56.8
3 -1,787.18 -1,708.01 221 60.0 17.9
4 -1,872.80 -1,769.37 0 43.2 56.8 0
5 -1916.07 -1,788.37 0 43.2 0 56.8 0
6 -1,849.98 -1,698.02 0 8.4 29.5 48.4 13.7 0
7 -1,893.24 -1,717.02 0 8.4 295 0 48.4 13.7 0

The optimal model (the two-group model suggested) was considered based on the pattern of results and the balancing of BIC values and subgroup sizes.
BIC: Bayesian information criterion; AIC: Akaike information criterion; GBMTM: group-based multi-trajectory modeling.

0-6] vs. 4 hours [IQR, 2-7], P=0.02). Violin plots showing the
distribution of pooled time are presented in Supplementary
Figure 1. Baseline (days 1-2) lymphocyte count and CRP, IL-6,
TNF-q, and IL-10 levels were similar between the groups (Sup-
plementary Tables 1 and 2).

The clinical parameters at days 4 and 7 in ICU survivors and
non-survivors are shown in Supplementary Table 3. Com-
pared to non-survivors, survivors had a significantly greater
decrease in vasopressor dose and SOFA score between days 1
and 4 (Supplementary Table 3, Supplementary Figure 2). In-
flammatory biomarkers at days 3-4 and 6-8 for ICU survivors
and non-survivors are shown in Supplementary Table 4 and
Supplementary Figure 3. Survivors had a significantly higher
lymphocyte count and lower levels of CRP, IL-6, IL-10, and IL-
10/TNF-a at days 3-4 and 6-8.

Acute and Critical Care 2023 August 38(3):286-297

Clustering Analysis
GBMTM categorized the 95 patients into two groups based on

temporal measurements of lymphocyte count and CRP, IL-6,
TNF-q, and IL-10 levels (Table 1, Figure 2). The levels of IL-6,
TNF-q, and IL-10 at day 1 were significantly lower in group 1
(n=41, 43%) than in group 2 (n=54, 57%). In group 1, the lev-
els remained stationary or mildly increased until day 7. The
day 1 mean (SD) of IL-6, TNF-q, and IL-10 levels peaked at
558.6+1,664.5 pg/ml, 37.1+32.4 pg/ml, and 130.6+194.8 pg/m],
respectively, in group 2. However, the levels decreased rapidly
by day 4. Inflammatory biomarkers at days 1-2, 3-4, and 6-8 in
groups 1 and 2 are summarized in Supplementary Table 5. All
measurements were fully captured without any missing values
at baseline (days 1-2). During the follow-up, missing values
were identified and imputed in 14/95 patients (15%). Details of
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Figure 2. Clustering of inflammatory responses in septic patients receiving the vitamin C protocol. Group-based multi-trajectory modeling reveals
two subphenotypes of inflammatory immune responses (group 1, 41 patients; group 2, 54 patients). The mean changes in (A) lymphocyte counts,
(B) C-reactive protein levels, (C) Interleukin (IL)-6 levels, (D) tumor necrosis factor (TNF)-a levels, and (E) IL-10 levels in groups 1 and 2 during the

study period.

blood sampling including the reasons for missing samples are
listed in Supplementary Table 6. Both groups showed low lym-
phocyte counts and high CRP levels at day 1. However, group
2 showed a greater increase in mean (SD) lymphocyte count
(102+£754/mm® vs. 272+1,517/mm’, P=0.29) and a greater de-
crease in mean (SD) CRP level (-98+126 mg/L vs. -134+123
mg/L, P=0.13) between days 1 and 7, although these differenc-
es were not statistically significant (Figure 2, Supplementary
Table 7).

Comparison of Baseline Characteristics between the
Trajectory Groups

The baseline characteristics were not significantly different
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between the groups, although patients in group 1 were more
likely to be immunosuppressed (Table 2). Immunocompro-
mised patients showed lower lymphocyte counts and higher
TNF-a and IL-10 levels, whereas immunocompetent patients
showed a greater decrease in IL-6 levels between days 1 and
4 (Supplementary Figure 4). All patients were treated with
antibiotics, and the rates of mechanical ventilation and renal
replacement therapy were similar between the groups. The
lactate level and vasopressor dose were significantly higher for
group 2. The mean (SD) duration of vitamin C administration
was significantly longer for group 2 (3.6+0.9 days vs. 4.4+1.2
days, P=0.002), although the difference was not statistically
significant after the exclusion of the deceased patients (3.9+0.7

Acute and Critical Care 2023 August 38(3):286-297
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Table 2. Baseline patient characteristics by group

Characteristics Group 1 (n=41) Group 2 (n=54) P-value
Age (yr) 75 (70-84) 78 (68-84) 0.94
Sex 0.72
Male 22 (54) 31(57)
Female 19 (46) 23 (43)
Body mass index (kg/m?) 21.3(18.5-23.5) 21.2(18.1-24.2) 093
Comorbidity
Diabetes 14 (34) 26 (48) 0.17
Hypertension 25 (61) 34 (63) 0.84
Chronic heart failure 5(12) 4(7) 0.49
Chronic lung disease 7(17) 15 (28) 0.22
Liver cirrhosis 4(10) 3(6) 0.46
Chronic kidney disease 6(15) 9(17) 0.79
Immunosuppressiona’ 15 (37) 8(15) 0.01
Nosocomial infection 17 (42) 16 (30) 0.23
Cause of sepsis
Pneumonia 25 (61) 29 (54) 0.48
Urosepsis 7(17) 13 (24) 0.41
Gastrointestinal/biliary 8 (20) 7 (13) 0.39
Bacteremia 13(32) 22 (41) 0.37
ARDS 9(22) 12 (22) 0.98
APACHE Il score 28 (20-35) 27 (20-33) 0.47
SOFA score 1243 1243 0.49
Antibiotics 41 (100) 54 (100) -
Mechanical ventilation 29 (71) 37 (69) 0.82
Renal replacement therapy 13 (32) 22 (41) 0.37
Vital signs and laboratory data
Body temperature (°C) 36.9 (36.5-37.6) 37.1(36.6-37.6) 0.54
Mean arterial pressure (mm Hg) 59 (52-65) 62 (54-66) 0.26
Respiratory rate (breaths/min) 30 (26-32) 28 (25-32) 0.38
Pa0,/Fi0, 194 (113-281) 179 (113-248) 0.67
Bicarbonate (mEq/L) 21.0(18.3-23.6) 21.7 (17.6-24.5) 0.51
Creatinine (mg/dl) 1.3(09-1.9) 1.3(09-23) 0.96
Lymphocyte count (/mm?’) 6904644 8104998 0.60
Total bilirubin (mg/dl) 0.6 (0.5-1.3) 0.9 (0.5-1.8) 0.41
C-reactive protein (mg/L) 200+128 188+119 0.67
Procalcitonin (ng/ml) 2.4(0.7-23.4) (n=38) 5.8 (1.6-40.5) (n=52) 0.06
Lactate (mmol/L) 1.7 (1.3-3.0) 2.7 (1.9-4.9) 0.02
Norepinephrine equivalent dose (ug/kg/min) 0.19+0.21 0.29+0.24 0.006
Duration (day)
Vitamin C 3.6+0.9 44412 0.002
Hydrocortisone 42426 50£19 0.004
Thiamine 3.6+£0.9 44+1.2 0.002
Time from shock onset to vitamin C protocol (hr) 3(1-6) 1(0-7) 0.36

Values are presented as median (interquartile range), number (%), or meanstandard deviation.

ARDS: acute respiratory distress syndrome; APACHE: Acute Physiology and Chronic Health Evaluation; SOFA: Sequential Organ Failure Assessment; Pa0,: arterial

partial pressure of oxygen; FiO,: fraction of inspired oxygen.

a) Immunosuppression includes malignancies, human immunodeficiency virus infection, severe neutropenia, or administration of immunosuppressive

therapy.

Acute and Critical Care 2023 August 38(3):286-297
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days vs. 4.4+1.3 days, P=0.08). The median (IQR) time from
shock onset to initiation of the vitamin C protocol was 3 hours
(1-6) in group 1 and 1 hours (0-7) in group 2 (P=0.36). Violin
plots showing the distribution of pooled time are presented in
Supplementary Figure 5.

Comparison of Clinical Courses and Outcomes between
the Trajectory Groups

The clinical outcomes in groups 1 and 2 are summarized in
Table 3. The ICU mortality rates were 39.0% (16/41 patients)
for group 1 and 18.5% (10/54 patients) for group 2 (P=0.03).
Compared with group 1, group 2 had a significantly higher
decrease in mean (SD) vasopressor dose (norepinephrine
equivalent, -0.09+0.16 pg/kg/min vs. -0.23+0.31 pg/kg/min,
P<0.001) and SOFA score (05 vs. -4+3, P=0.002) between days
1 and 4 (Table 3, Figure 3). Meanwhile, no significant differ-
ences were observed between the groups regarding net fluid
retention, vasopressor weaning rate, vasopressor-free days at
day 28, ventilator weaning rate, ventilator-free days at day 28,
and hospital length of stay. With respect to mortality, the rates
were also lower in group 2, but only the 28-day mortality was
significantly different from that in group 1. Meanwhile, the
rates of superinfection were similar between the groups. The

Table 3. Clinical outcomes by group

T

clinical parameters on days 4 and 7 in groups 1 and 2 are list-
ed in Supplementary Table 7. No significant differences were
observed between the groups regarding SOFA scores on days 4
and 7 after the exclusion of deceased patients (Supplementary
Table 8).

Association between Trajectory Group Inclusion and
60-Day Mortality

After adjustment for confounding factors, the independent
risk factors of mortality were higher APACHE II score (adjusted
hazard ratio [HR], 1.09; 95% confidence interval [CI], 1.04-1.14;
P<0.001) and longer hydrocortisone treatment (adjusted HR,
1.14; 95% CI, 1.01-1.30; P=0.04) (Table 4). Meanwhile, inclu-
sion in group 2 was significantly associated with decreased
mortality (adjusted HR, 0.32; 95% CI, 0.16-0.64; P=0.001) (Ta-
ble 4, Supplementary Figure 6).

DISCUSSION

The present study based on clustering analysis of lymphocyte
count and CRP, IL-6, TNF-qa, and IL-10 levels identified two
subphenotypes of inflammatory immune responses in septic
patients receiving the vitamin C protocol. One type involved

Outcomes Group 1 (n=41) Group 2 (n=54) P-value
Mortality

ICU 16 (39.0) 10 (18.5) 0.03

28 Day 20 (48.8) 12 (22.2) 0.007

60 Day 20 (48.8) 17 (31.5) 0.09
Change in norepinephrine equivalent dose at day 4 (ug/kg/min) -0.0940.16 -0.23+0.31 <0.001
Change in SOFA score at day 4 0+5 -4+3 0.002
Net fluid retention (ml)®

Day 1 1,280 (696 to 2,791) 1,118 (240 to 2,261) 0.28

Day 4 180 (-338 to 1,053) (n=31) 315 (-392 to 785) (n=54) 0.62

Day 7 279 (-341 to 725) (n=28) 160 (-769 to 850) (n=49) 0.73
Vasopressor weaning 31(76) 46 (85) 0.24
Vasopressor-free day at day 28 26 (17 to 27) 26 (22 to 27) 0.55
Ventilator weaning 14 (48) (n=29) 24 (65) (n=37) 0.18
Ventilator-free day at day 28 10£11 (n=29) 13+11 (h=37) 0.19
Length of stay (day)

ICU 6 (210 14) 9(5t018) 0.03

Hospital 22 (16 to 49) 31 (17 to 50) 0.07
Superinfection 8 (20) 14 (26) 0.46

Values are presented as number (%), mean+standard deviation, or median (interquartile range).

ICU: intensive care unit; SOFA: Sequential Organ Failure Assessment.

a) Net fluid retention is calculated as the difference between intake and output of all fluids (urine volume, dialysis volume, drainage volume, and stool weight).

292 https://www.accjournal.org

Acute and Critical Care 2023 August 38(3):286-297



You SH, et al.  Subphenotypes in patients receiving vitamin C

>

0.4
~®- Group 1 (n=41)

b) - Group 2 (n=54)
0.3 n

0.2

0.1+

Norepinephrine equivalent dose
(ug/kg/min)

0.0 - - -
Day 1 Day 4 Day 7

T

~®- Group 1 (n=41)

13
--m- Group 2 (n=54)
12
i ) 2
T
2
< 10
S
n 9
8 | — u
7 T T T
Day 1 Day 4 Day 7

Figure 3. Mean changes in (A) vasopressor dose (norepinephrine equivalent) and (B) Sequential Organ Failure Assessment (SOFA) score by group
during the study period. ?P<0.05, ”P<0.01 when group 1 and group 2 are compared using the Mann-Whitney U-test.

sustained levels of IL-6, TNF-q, and IL-10 (group 1), while
the other involved higher initial levels of these cytokines that
rapidly declined thereafter (group 2). The baseline character-
istics were similar between the trajectory groups, but group 2
demonstrated a better clinical course and lower ICU mortality.
Lastly, inclusion in group 2 was independently associated with
a lower risk of 60-day mortality.

One of several barriers to the effective treatment of critical
illness has been discovering the optimal population of pa-
tients who would benefit from specific agents. Several studies
suggest that more personalized treatment modalities can be
considered via the identification of subphenotypes [21-23].
Interestingly, among patients from the Vasopressin vs. Nor-
epinephrine as Initial Therapy in Septic Shock (VANISH) trial
with the immunocompetent endotype, the mortality rate was
higher among those treated with corticosteroids than among
those treated with placebo [23]. In the current study, two tra-
jectory groups were found to have unique cytokine signatures:
group 1 involved persistent immune dysregulation, while
group 2 involved a recovered well-balanced immune system
after an initial adaptive response. Notably, the patients in these
groups had markedly different clinical courses and outcomes
despite having similar baseline characteristics.

However, it was difficult to establish a direct effect of the vi-
tamin C protocol on improvement of the immune status owing
to the lack of a control group. However, in a phase 1 trial, pa-
tients administered with high-dose vitamin C (200 mg/kg/day)
showed significantly lower inflammatory biomarker levels
than those who received the placebo [24]. In a recent random-
ized trial of vitamin C for critically ill patients with coronavirus
disease 2019, the IL-6 level on day 7 was lower in the treatment

Acute and Critical Care 2023 August 38(3):286-297

group than in the placebo group [25]. Interestingly, the sur-
vival benefit was evident in those with a higher baseline SOFA
score, and the current study found consistent results that pa-
tients with initially higher lactate level, vasopressor dose, and
inflammatory biomarker level had better outcomes.

Dynamic measures of variables may be more important
than static measures. In this study, single values of baseline
Iymphocyte count and CRP, IL-6, TNF-q, or IL-10 levels were
not useful in predicting outcomes, whereas the measurements
at later time points provided prognostic information. Bhavani
et al. reported a novel method to identify four sepsis subphe-
notypes based on longitudinal temperature trajectories [26].
Among these, the “hyperthermic, fast resolvers” showed the
lowest mortality rate. There was no immunological basis for
the proposed temperature-based subphenotypes, although
the “hyperthermic, fast resolvers” may be similar to that of
group 2 (high IL-6, TNF-q, and IL-10 levels at day 1 but rapidly
decreased at day 4) in the present study. These findings sup-
port that quicker reversal of the pathophysiological process of
sepsis should lead to better survival [27].

IL-6 acts as a crucial cytokine in the systemic inflamma-
tory response, especially during tissue injury and organ dys-
function [28]. Meanwhile, IL-10 has a key role in modulating
anti-inflammatory and immunosuppressive responses [29].
Previous studies have shown that low levels of IL-6 and IL-10
during the initial phase of septic shock were significantly asso-
ciated with disease severity and survival [30,31]. The decreased
IL-6, TNF-q, and IL-10 levels in group 2 and their value in
predicting mortality are consistent with the results of preclin-
ical studies showing that vitamin C administration to human
monocytes decreased the levels of proinflammatory cytokines
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Table 4. Association between baseline characteristics and 60-day mortality

T

Characteristics Unadjusted HR (95% Cl) P-value Adjusted HR” (95% Cl) P-value
Age 1.02 (0.99-1.05) 0.28

Male 091 (0.47-1.73) 091

Body mass index 0.97 (0.90-1.04) 0.43

Diabetes 0.93 (0.48-1.78) 0.82

Hypertension 1.02 (0.52-1.97) 097

Chronic heart failure 1.38 (0.49-3.89) 0.55

Chronic lung disease 1.10 (0.52-2.34) 0.80

Liver cirrhosis 1.11 (0.34-3.61) 0.87

Chronic kidney disease 0.73 (0.28-1.86) 0.50

Immunosuppressionb) 2.28 (1.16-4.49) 0.02 1.03 (0.43-2.45) 0.95
Nosocomial infection 2.17 (1.14-4.15) 0.02 1.51 (0.76-3.03) 0.24
Pneumonia 1.75 (0.88-3.48) 0.11

Urosepsis 0.53(0.21-1.37) 0.19

Gastrointestinal/biliary 0.63 (0.22-1.77) 0.38

Bacteremia 1.22 (0.63-2.36) 0.55

ARDS 1.78 (0.89-3.54) 0.10

APACHE Il score 1.11 (1.06-1.16) <0.001 1.09 (1.04-1.14) <0.001
SOFA score 1.23 (1.09-1.39) 0.001 1.06 (0.90-1.25) 0.51
Mechanical ventilation 452 (1.60-12.79) 0.004 1.30 (0.35-4.78) 0.69
Renal replacement therapy 2.73 (1.42-5.22) 0.002 2.02 (0.96-4.24) 0.06
Lymphocyte count 1.00 (1.00-1.00) 0.55

C-reactive protein 1.00 (1.00-1.00) 0.85

Lactate 1.08 (0.96-1.21) 0.19

Norepinephrine equivalent dose 0.34 (0.06-1.88) 0.22

Vitamin C duration 0.83 (0.60-1.14) 0.24

Thiamine duration 0.83 (0.60-1.14) 0.24

Hydrocortisone duration 1.17 (1.03-1.34) 0.02 1.14(1.01-1.30) 0.04
Time from shock onset to vitamin C protocol 1.01 (0.96-1.05) 0.77

IL-6 1.00 (1.00-1.00) 0.73

TNF-a 1.01 (0.00-1.01) 0.16

IL-10 1.00 (1.00-1.00) 0.04 1.00 (1.00-1.00) 0.17
Group 2 0.48 (0.25-0.92) 0.03 0.32 (0.16-0.64) 0.001

HR: hazard ratio; Cl: confidence interval; ARDS: acute respiratory distress syndrome; APACHE: Acute Physiology and Chronic Health Evaluation; SOFA: Sequential
Organ Failure Assessment; IL: interleukin; TNF: tumor necrosis factor.
a) Adjusted for immunosuppression, nosocomial infection, APACHE Il score, SOFA score, mechanical ventilation, renal replacement therapy, hydrocortisone
duration, IL-10, and inclusion in group 2; b) Immunosuppression includes malignancies, human immunodeficiency virus infection, severe neutropenia, or

administration of immunosuppressive therapy.

[32]. Reduced lymphocyte count and impaired lymphocyte
function are common features of sepsis-related immunosup-
pression [33]. Lastly, CRP exerts both proinflammatory and
anti-inflammatory effects, and its elevation can be considered
as a contributing factor to persistent inflammation/ immuno-
suppression and catabolism syndrome [34,35]. In the present
study, the lymphocyte count was higher and the CRP level was
lower in group 2 than in group 1 by day 7. Taken together, these
findings support the relationship between immune trajecto-
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ries and clinical outcomes in patients with sepsis receiving the
vitamin C protocol and will also be helpful in identifying pa-
tients who would better respond to treatment.

The main strength of the current study was the use of clus-
tering analysis of inflammatory immune responses. Unlike
previous randomized trials, the vitamin C protocol in this
study was initiated earlier within an average of 4 hours after
shock onset, and the interval between shock onset and vita-

min C administration was significantly shorter in survivors.
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Furthermore, the duration of vitamin C administration was
significantly longer in group 2. These are consistent with pre-
vious reports suggesting that early or long-term vitamin C ad-
ministration can improve patient outcomes [36,37].

However, this study has several limitations. First, the gener-
alizability of the results are limited by the single-center design,
relatively small number of patients, and the use of random set
of biomarkers to define the trajectories. However, the small
study population was a result of strict patient selection to en-
sure standardization and reproducibility of biomarker mea-
surements. Second, there was no control group, and the effect
of other sepsis management strategies on the improvement in
the clinical outcomes of group 2 could not be distinguished.
In addition, vitamin C levels were not closely monitored; thus,
it was unclear whether the vitamin C protocol had a direct ef-
fect against septic shock. Third, a considerable proportion of
patients were excluded because of their refusal to participate
or the unavailability of blood samples. It is possible that the
inclusion of these patients might have influenced the mod-
eling. Some of the included patients also had missing data
owing to death or hospital discharge, and the LOCF approach
may be inadequate to minimize this bias. Fourth, subgroup
analysis among different sepsis subpopulations and validation
of clustering analysis results were not feasible owing to the
small sample size. Fifth, the current trajectory model requires
serial biomarker data, and this may limit its immediate clinical
use. However, survival prediction in sepsis is also currently
challenging owing to the lack of available tools. Sixth, the pa-
tients were not tested for relative adrenal insufficiency. In the
presence of relative adrenal insufficiency, there may be a high
likelihood of favorable response to hydrocortisone, which may
also explain the outcomes of group 2. Seventh, the associa-
tions between the study groups and SOFA scores were attenu-
ated after the exclusion of deceased patients. Lastly, this study
included many older patients, reflecting the high rate of ICU
admission among older patients in Korea. Our results should
be validated in a large placebo-controlled trial.

In conclusion, there may be different subphenotypes in sep-
tic patients receiving the vitamin C protocol. Adequate initial
adaptive responses with elevated IL-6, TNF-q, and IL-10 levels
followed by a restoration of a well-balanced immune system
with a rapid decline in the levels of these biomarkers are asso-
ciated with better clinical course and outcomes. The ability to
define the immune status of patients with sepsis may contrib-
ute to the success of future clinical trials of immunomodula-
tory therapies through the identification of the proper patient
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subset. The present results also suggest that the dynamic
nature of immune responses should be considered in survival
prediction in sepsis. Finally, further studies are required to
assess the efficacy of early and long-term vitamin C in selected
patients with sepsis, using a well-defined control group.
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