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ARTICLE INFO ABSTRACT

Keywords: Inflammatory physiology has been linked to behavioral and emotional symptoms in a variety of contexts and
Hematopoietic cell transplantation experimental paradigms. Hematopoietic cell transplantation (HCT) represents an intersection of significant
Cancer

immune dysregulation and psychosocial stress, and this biobehavioral relationship can influence important
clinical outcomes. For those undergoing HCT with inflammation-related neuropsychiatric symptoms, using
targeted agents such as the IL-6 receptor antagonist tocilizumab may be an effective therapeutic approach. We
conducted an observational cohort study to explore patient reported outcomes (PROs) and inflammatory bio-
markers among allogeneic HCT recipients who received tocilizumab compared to those who did not. Individuals
on a larger trial of tocilizumab for prevention of graft-versus-host disease received a single dose of tocilizumab
24 h prior to stem cell infusion. Measures of anxiety, depression, pain, fatigue, and sleep quality and parallel
blood samples for inflammatory cytokines were collected from participants and an analogous comparison cohort
at baseline and Day 28 after stem cell infusion. Demographic and medical characteristics were reported; an
analysis of covariance regression model was fitted to evaluate differences in PROs and distance correlation t-tests
assessed for associations between biomarkers and PRO measures. For n = 18 tocilizumab-treated and n = 22
comparison patients, there were no significant differences between patient demographics, but the tocilizumab
cohort had a different distribution of primary diagnoses (p = 0.009) with more patients with leukemias and a
higher proportion of patients in their first remission (64% vs 28%, p = 0.024). Depression was higher at Day 28
compared to baseline in both groups (comparison group: +5.1 [95% CI 0.14-10, p = 0.045], tocilizumab: +8.6
[95% CI 2.3-15, p = 0.011]), though the difference between groups did not reach statistical significance. The
tocilizumab group had significantly increased circulating IL-6 and decreased CRP at Day 28 (all p < 0.05). There
was an association between collective baseline biomarkers and PROs (distance correlation dCor = 0.110, p =
0.005), but this same association was not present at Day 28 (dCor = —0.001, p = 0.5). In univariate analyses, a
10-fold increase in plasma IL-6 was associated with a 3.6-point higher depression score (95% CI 1.0-6.2, p =
0.008). In this exploratory analysis of PROs and inflammatory biomarkers in patients undergoing HCT, tocili-
zumab was not associated with favorable patient-reported symptom profiles. This finding is aligned with our
prior work in the HCT population but diverges from hypothesized therapeutic effects of tocilizumab on
depressive symptoms, thus highlighting the need for larger prospective translational studies in biobehavioral
HCT research.

Cytokines
Patient reported outcomes
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1. Introduction

Inflammatory physiology has been linked to behavioral and
emotional symptoms in a variety of contexts and experimental para-
digms. For example, elevated levels of central nervous system (CNS) and
peripheral pro-inflammatory cytokines have been strongly correlated
with depressive symptoms, in addition to symptoms of anxiety and other
neuropsychiatric disorders (Felger and Lotrich 2013; Miller and Raison
2016). This relationship is of particular relevance for medically ill in-
dividuals, where both inflammation and psychosocial distress may be
more pronounced (Miller et al, 2009). For those with
inflammation-related neuropsychiatric symptoms, specifically targeting
inflammatory mechanisms and pathways may be an effective thera-
peutic approach (Kohler et al., 2014; Kappelmann et al., 2018). In a
randomized trial of patients with treatment-refractory depression, Rai-
son and colleagues tested the effects of the anti-tumor necrosis factor
agent infliximab on depressive symptoms (Raison et al., 2013). They
found that among those participants with baseline elevated inflamma-
tory markers, infliximab was associated with significantly improved
depressive symptoms at 12 weeks when compared to placebo. Similarly,
blocking the pro-inflammatory cytokine interleukin-6 (IL-6) is of inter-
est, as it has been reliably associated with depressive symptoms (Dowlati
et al.,, 2010; Khandaker et al., 2014). Studies of the IL-6 receptor
antagonist tocilizumab have been promising but limited by small sample
sizes and methodological restrictions (Traki et al., 2014; Gossec et al.,
2015).

The psychoneuroimmune network connecting inflammation and
psychosocial experiences may be particularly important in the he-
matopoietic cell transplant (HCT) population. HCT is an intensive
treatment for some malignancies, during which a patient’s bone marrow
is ablated with intensive chemotherapy with or without radiation, and
then replaced with a donor’s (allogeneic) or their own (autologous) stem
cells. Patients undergoing HCT are often at the intersection of extreme
immune dysregulation and emotional/environmental stress, and this
biobehavioral relationship can have a significant impact on clinical
outcomes (Costanzo et al., 2013; Knight et al., 2013). For example, pa-
tients with higher pre-HCT depression scores subsequently have a higher
incidence of acute graft versus host disease (GVHD) and lower overall
survival following transplant (El-Jawahri et al., 2017). An inflammatory
gene expression profile called the conserved transcriptional response to
adversity (CTRA) has been associated with lower socioeconomic status
in HCT patients, and was also predictive of later cancer relapse and
disease-free survival following transplant (Knight et al., 2016). Addi-
tionally, the prevalence of adverse psychosocial outcomes — poor mental
health, financial stress, impaired quality of life (QOL) - is quite high in
the HCT population (Kelly et al., 2021). Given the overlap of these
physiologic and experiential processes, there is a unique opportunity to
study and ultimately target these biobehavioral mechanisms in patients
undergoing HCT.

In contrast to what would be hypothesized based on prior work, our
group has reported that IL-6 signaling blockade with tocilizumab was
associated with more, not less, depressive and other related symptoms in
patients undergoing allogeneic HCT (Knight et al., 2021). Participants
(n = 25) who received a single dose of tocilizumab prior to HCT had
significantly higher depression scores at 28 days compared to controls
(n = 62 participants at a neighboring institution), even after adjustment
for relevant disease- and participant-related covariates. These results
suggested an apparent conflict with what might be expected from IL-6
antagonism, and therefore additional in-depth investigation is
warranted.

Few studies have collected simultaneous patient-reported outcomes
(PROs) and biomarkers in the context of rigorously controlled anti-
cytokine therapy delivery to better understand this relationship. Thus,
analysis of a complete PRO-biomarker dataset could provide additional
insights into the complex biobehavioral mechanisms involved in the
development of depression and related symptomatology in the
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medically ill. Here, we report on both PROs and inflammatory bio-
markers from our previously reported tocilizumab cohort and a com-
parison group at the same institution (n = 18) who did not receive
tocilizumab. This study meaningfully builds upon the prior work by 1)
analyzing correlative inflammatory biomarker data, and 2) using a
comparison cohort from the same institution to more closely match
conditions between the intervention and comparison groups.

2. Materials and methods

We conducted an observational cohort study to explore the effect of
tocilizumab administration on PROs and inflammatory biomarkers
among allogeneic HCT recipients. Parallel PROs and blood samples were
collected from participants in an analogous comparison cohort at the
same institution. All participants provided written informed consent; all
procedures were approved by the Medical College of Wisconsin (MCW)
Institutional Review Board.

2.1. Patient population

Individuals were recruited for this study from a larger single arm
phase II open label trial of tocilizumab for prevention of acute GVHD
(aGVHD) (NCT02206035) (Drobyski et al., 2018). Patients on this study
received a single dose of intravenous tocilizumab (8 mg/kg) approxi-
mately 24 h prior to the hematopoietic stem cell infusion. Participants
who consented were invited to provide PRO data and blood samples at
multiple time points for the current study. Patients were enrolled from
January 2015 through July 2016 at a single institution (MCW). Eligible
participants included those 18-75 years of age undergoing allogeneic
HCT for acute leukemia, chronic myelogenous leukemia (CML), mye-
lodysplasia, other myeloproliferative disorders, or chemotherapy sen-
sitive lymphoproliferative diseases. Patients were excluded if they had
received a prior allogeneic HCT, had a history of intolerance to tocili-
zumab, or received a monoclonal antibody during conditioning.
Twenty-five of the 35 patients enrolled in the larger intervention trial
consented to this study. A volunteer comparison group of HCT patients
not receiving tocilizumab was recruited from MCW from November
2016 through February 2018. Patients who met the study eligibility
criteria were approached for consent once the decision to proceed to
HCT was made by their medical team and a suitable donor was identi-
fied. Eligibility criteria and schedule of observations mirrored those of
the intervention group.

2.2. Study measures

2.2.1. Patient-reported outcomes

All participants completed self-report surveys at baseline (pre-HCT,
and prior to tocilizumab for the intervention group) and Day 28 post-
transplant. Validated questionnaires assessed subjective symptoms of
depression, anxiety, fatigue, sleep, and pain. Depression and anxiety
were queried through the Inventory of Depression and Anxiety Symp-
toms (IDAS) (Watson, O’Hara et al., 2007). Depression was measured
through the IDAS general depression subscale, and anxiety was assessed
using two subscale items of the IDAS: panic and traumatic intrusions
(Watson, O’Hara et al., 2007). The Fatigue Symptom Inventory (FSI)
(Hann et al., 1998), Pittsburgh Sleep Quality Index (PSQI) (Carpenter
and Andrykowski 1998), and Brief Pain Inventory (BPI) (Cleeland and
Ryan 1994) were used to assess fatigue, sleep, and pain, respectively.
Patients endorsing thoughts of suicidality or self-harm per the IDAS
were contacted by the study principal investigator (JMK) and offered
appropriate follow-up care.

2.2.2. Inflammatory biomarkers

Blood samples were collected from patients at baseline and on Day
28 post-transplantation. In addition to c-reactive protein (CRP), cyto-
kine levels including IL-1ra, IL-2, IL-4, IL-6, IL-10, IFN-y, TNF-a, and IL-
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17A were measured using the BD Cytometric Bead Array Human Th1/
Th2/Th17 Cytokine Kit (BD Biosciences). Serum samples were acquired
on a BD FACSCanto II flow cytometer (BD Biosciences) and analyzed
using the FCAP Array v3.0.1 software (BD Biosciences). Soluble IL-6
receptor (sIL-6R) levels were measured using the Human IL-6R alpha
Quantikine ELISA Kit (R and D Systems, Minneapolis, MN). This assay
detects three forms of the sIL-6R: free sIL-6R, sIL-6R in complex with IL-
6, and sIL-6R in an immune complex with tocilizumab.

2.3. Sample size

As this study was a companion to the larger trial, resultant power for
these outcomes was entirely dependent on the parent trial sample size.
With the final sample size of 22 tocilizumab-treated and 18 comparison
patients, the study has 80% power to detect effects of 0.91 standard
deviations (SD) or higher. For the general depression subscale of the
IDAS, with an expected SD of 11 points, this corresponds to a 10-point
difference in an unadjusted comparison between 28-day values, or an
8.7-point difference in a comparison adjusted for a baseline value,
assuming a correlation of 0.5.

2.4. Data analysis

Descriptive analyses were used to report demographic and medical
characteristics of the cohort, including age, sex, race and ethnicity, in-
come and education level, underlying disease, conditioning regimen,
graft type, and acute GVHD grade. Wilcoxon’s rank-sum tests, Fisher’s
exact tests, or Chi-square tests were used to evaluate differences in these
baseline variables between the comparison and tocilizumab groups. To
evaluate differences in PROs and inflammatory cytokines, an analysis of
covariance (ANCOVA) regression model was fitted for all eligible pa-
tients, while covarying for baseline score and adjusting for myeloa-
blative conditioning, disease status, and diagnosis as in previous studies
(Knight et al., 2021). Cytokine values were summarized by geometric
means and standard deviations, and then analyzed on a log10 scale. Zero
values were replaced by half of the smallest measured value. IL-2, IL-4,
IFN-g, and TNF-a were removed from the analyses due to high preva-
lence of values below the limit of detection. To assess for associations
between cytokines and PRO measures, bias-corrected distance correla-
tion t-tests were used (Szekely and Rizzo 2013). Distance correlation is a
novel association measure taking values between —1 and 1 developed
for high-dimensional data that quantifies overall association between
two sets of measurements (here, all cytokines and all PRO measures). It
can be viewed as an effect size measure and provides additional infor-
mation beyond the p-value for the global test of association for the two
multidimensional sets. Unlike usual correlation measures, distance
correlation equals zero if and only if the measures are independent.
These tests were performed at the level of individual cytokines (i.e.,
association of each cytokine with all PRO measures), as well as for the
entire set of cytokines. Additionally, because of the known association
between markers of inflammation and depressive symptoms, we con-
ducted exploratory analyses of the effect of inflammatory biomarkers of
interest on depression using linear regression and ANCOVA models. A
random subject intercept was used to account for the repeated mea-
surements within each participant. Analyses were conducted in R 4.0.3
(R Foundation for Statistical Computing, Vienna, Austria).

3. Results

A total of 40 patients with evaluable PROs and biospecimens were
included in this analysis (n = 22 in the tocilizumab group; n = 18 in the
comparison group). Three patients from the prior tocilizumab cohort
(Knight et al., 2021) did not have evaluable samples for inflammatory
biomarkers, and so were excluded from this analysis.
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3.1. Patient characteristics

There was no significant difference between groups with respect to
age, gender, race and ethnicity, education, or income level (Table 1).
There were differences in disease-related variables between groups. The
tocilizumab cohort had a different distribution of primary diagnoses (p
= 0.009) with more patients with leukemias and fewer patients with
Hodgkin Lymphoma or myelodysplastic syndrome (MDS), and a higher
proportion of patients in their first remission (64% vs 28%, p = 0.024).
There were no differences in conditioning regimen type (MAC vs RIC/
NST), graft source (BM vs PBSC), or incidence of acute GVHD between
groups.

3.2. Patient reported outcome measures

There were no baseline differences in PRO scores between the
comparison and tocilizumab groups (Fig. 1, Table 2). There were also no
statistically significant differences in PRO scores between groups at Day
28 (after tocilizumab administration for the intervention group). When
adjusting for baseline values and myeloablative conditioning, there
were no statistically significant differences between groups (Supple-
mental Table 1). Within groups, however, there were statistically sig-
nificant changes in symptoms over time. For both the tocilizumab and
comparison cohorts, patients reported higher symptoms of depression
(comparison group: +5.1 [95% CI 0.14-10, p = 0.045], tocilizumab:
+8.6 [95% CI 2.3-15, p = 0.011]) and fatigue (comparison group: +1.3
[95% CI 0.03-2.5, p = 0.045], tocilizumab: +1.4 [95% CI 1.1-4.0, p =
0.038]). Patients in the tocilizumab group also reported an increase in
pain interference symptoms at Day 28 [+1.2, (95% CI 0.25-2.2), p =
0.017]. (Table 2).

3.3. Inflammatory biomarkers

Inflammatory cytokine values at baseline and Day 28 for the tocili-
zumab and comparison groups are depicted in Fig. 2. Baseline cytokine
values were similar for both groups. As would be expected with pe-
ripheral blockade of the IL-6 receptor, there were higher circulating
levels of both IL-6 and IL-6R in the tocilizumab group at Day 28 (p <
0.001, Supplemental Table 2), confirming its biologic activity. Addi-
tionally, CRP levels were 78% lower in patients who received tocilizu-
mab at Day 28 compared to comparisons when adjusting for baseline
value and conditioning regimen [ratio 0.18 (95% CI 0.05-0.65), p =
0.011) (Supplemental Table 2).

3.4. Relationships between PROs and inflammatory biomarkers

Using the distance correlation test, the global associations between
inflammatory biomarkers and PROs were assessed for the entire cohort
(Fig. 3). When grouping all biomarkers together, there was an overall
statistically significant association between these biomarkers and PROs
at baseline (distance correlation [dCor] = 0.110, p = 0.005, Supple-
mental Table 3). This same association was not present at Day 28 (dCor
= —0.001, p = 0.5). Individual inflammatory biomarkers were also
assessed for their association with concurrently measured PRO scores
(Supplemental Table 3). At baseline, IL-10 was significantly associated
with global PRO scores (dCor = 0.201, p = 0.00). The relationship be-
tween baseline CRP and concurrent PRO scores approached significance
(dCor = 0.057, p = 0.088); there were no other significant cytokine-PRO
associations found.

3.4.1. Depression and inflammatory biomarkers

We conducted exploratory secondary analyses focused on depression
and inflammatory biomarkers. The association between CRP, IL-6, IL-
6R, and concurrently measured (Day O or Day 28) depression scores
across groups was evaluated with regression analyses accounting for
repeated measures from the same subject (Supplemental Table 4). In
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Table 1
Demographics of patient population.

Characteristic Overall, N Comparison, N Toci, N p-

= 40! =18! = 22! value?

Age 60 (52, 65) 60 (52, 63) 62 (50, 0.5

66)

Gender 0.6
Female 15 (38%) 6 (33%) 9 (41%)

Male 25 (62%) 12 (67%) 13 (59%)

Race >0.9
Asian 1 (2.5%) 0 (0%) 1 (4.5%)

White 39 (98%) 18 (100%) 21 (95%)

Ethnicity
Non-Hispanic 40 (100%) 18 (100%) 22

(100%)

Income Level 0.3
<$10,000 1 (2.8%) 1 (5.9%) 0 (0%)
$10,001 - $25,000 4 (11%) 0 (0%) 4 (21%)
$25,001 - $40,000 5 (14%) 3 (18%) 2 (11%)
$40,001-$55,000 5 (14%) 2 (12%) 3 (16%)
$55,001-$70,000 3(8.3%) 1 (5.9%) 2 (11%)
$70,001-$85,000 4 (11%) 1 (5.9%) 3 (16%)
$85,001 - $100,000 5 (14%) 4 (24%) 1 (5.3%)
>$100,000 9 (25%) 5 (29%) 4 (21%)
Unknown 4 1 3

Education Level 0.6

< 12 years 1 (2.6%) 0 (0%) 1 (5.0%)
High School 9 (24%) 4 (22%) 5 (25%)
Trade School 3 (7.9%) 2 (11%) 1 (5.0%)
Some College 7 (18%) 3 (17%) 4 (20%)
College Graduate 7 (18%) 3 (17%) 4 (20%)
Post Graduate Degree 11 (29%) 6 (33%) 5 (25%)
Unknown 2 0 2

Primary diagnosis 0.009
Acute Lymphoblastic 4 (10%) 1 (5.6%) 3 (14%)
Leukemia
Acute Myeloid 17 (42%) 4 (22%) 13 (59%)
Leukemia
Chronic Myeloid 1 (2.5%) 0 (0%) 1 (4.5%)
Leukemia
Chronic 3 (7.5%) 1 (5.6%) 2 (9.1%)
Myelomonocytic
Leukemia
Hodgkin Lymphoma 5 (12%) 5 (28%) 0 (0%)
Myelodysplastic 8 (20%) 6 (33%) 2 (9.1%)
Syndrome
Non-Hodgkin 2 (5.0%) 1 (5.6%) 1 (4.5%)
Lymphoma

Disease status at 0.024
transplant
First Complete 19 (48%) 5 (28%) 14 (64%)
Remission (CR1)

Other 21 (52%) 13 (72%) 8 (36%)

Karnofsky Performance 0.048
Score
70 3 (7.5%) 2 (11%) 1 (4.5%)

80 18 (45%) 4 (22%) 14 (64%)
90 13 (32%) 7 (39%) 6 (27%)
100 6 (15%) 5 (28%) 1 (4.5%)

Graft source 0.2
Bone Marrow (BM) 6 (15%) 1 (5.6%) 5 (23%)
Peripheral Blood Stem 34 (85%) 17 (94%) 17 (77%)

Cell

Prior autologous 0.005
transplant
N 34 (85%) 12 (67%) 22

(100%)
Y 6 (15%) 6 (33%) 0 (0%)

Conditioning Regimen 0.4
Type
Myeloablative (MAC) 21 (52%) 8 (44%) 13 (59%)
Reduced Intensity 19 (48%) 10 (56%) 9 (41%)
(RIC/NST)

Highest Grade of aGVHD 0.6
I 8 (20%) 2 (11%) 6 (27%)

I 3 (7.5%) 2 (11%) 1 (4.5%)
11 6 (15%) 3 (17%) 3 (14%)
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Table 1 (continued)

Characteristic Overall, N Comparison, N Toci, N p-
= 40! =18! =22! value?
v 1 (2.5%) 1 (5.6%) 0 (0%)
None 22 (55%) 10 (56%) 12 (55%)
aGVHD grade 2+ 2 (5.0%) 0 (0%) 2 (9.1%) 0.5
before day 28

1 Median (IQR); n (%).
2 Wilcoxon rank sum test; Pearson’s Chi-squared test; Fisher’s exact test; Wil-
coxon rank sum test with continuity correction.

univariate analyses, a 10-fold increase in IL-6 was associated with a 3.6-
point higher depression score (95% CI 1.0-6.2, p value 0.008). There
were no significant associations between depression score and concur-
rently measured CRP or IL-6R.

To evaluate whether baseline inflammatory biomarkers of interest
predicted later depressive symptoms, adjusted ANCOVA models were
used (Table 3). Conditioning regimen intensity (myeloablative vs
reduced intensity) emerged as a significant covariate in the relationship
between individual cytokine values and Day 28 depression score. We did
not find other statistically significant predictive relationships.

4. Discussion

In this exploratory analysis of PROs and inflammatory biomarkers in
patients undergoing HCT, there was not a significant association be-
tween administration of the IL-6 antagonist tocilizumab and any of the
patient-reported symptoms as assessed in these cohorts. When evalu-
ating inflammatory biomarkers, there was a global relationship between
baseline biomarkers and PROs, meaning patients with similar PRO
scores also had similar biomarker profiles. This association was not
present at Day 28 following transplant. Not surprisingly, many symp-
toms related to QOL including depression, sleep, and fatigue worsened
between baseline and Day 28 after HCT, but this did not differ between
intervention and comparison groups.

Similar to our previous findings (Knight et al., 2021), these results
failed to support the hypothesized antidepressant effects of tocilizumab
in the HCT population. However, the underlying pathophysiology does
not necessarily diverge from the widely accepted paradigm of depres-
sion and inflammation (Miller and Raison 2016). Tocilizumab inhibits
peripheral inflammatory IL-6 signaling through binding of IL-6 re-
ceptors, which then leads to a concomitant rise in circulating levels of
free IL-6 (Chen et al., 2016; Drobyski et al., 2018; Milligan et al., 2021).
This unbound IL-6, but not large tocilizumab molecules, can cross the
blood brain barrier and exert effects in the CNS unopposed. As a result,
neuroinflammation and related depressive symptoms could be greater in
the presence of the drug than in its absence. In further support of this
hypothesis, there is some evidence that neurotoxicity may actually
worsen following tocilizumab administration in patients who receive
chimeric antigen receptor (CAR) T cells (Gust et al., 2017; Gust et al.,
2020). Our data did show an association between concurrently
measured peripheral IL-6 and depressive symptoms as expected.
Therefore, careful consideration of pharmacologic mechanisms of action
and inflammatory state of the patient during future study of
anti-cytokine therapy for depression is warranted. Currently, neuro-
psychiatric symptoms are not listed as an adverse reaction for tocilizu-
mab, but clinicians should closely monitor for exacerbation of such
symptoms.

In our prior study, the same tocilizumab group was compared to a
control cohort (n = 62) who increased an average of 2.1 points on the
IDAS depression score from baseline to Day 28, and this was statistically
significant (Knight et al., 2021). Despite a similar pattern between
groups in this study (+5.1 in comparison group, +8.6 in tocilizumab
group), the lack of significance in these data may be secondary to fewer
patients in the current comparison group than in the prior study (18 vs
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Fig. 1. Patient reported outcome measures. Self-reported symptoms of anxiety, depression, pain, fatigue, and sleep quality at baseline (Day 0) and Day 28 following
stem cell infusion for the comparison and tocilizumab (Toci) groups. Anxiety (Anx) and depression (Dep) scores measured using the Inventory of Depression and
Anxiety Symptoms (IDAS). BPIF = Brief Pain Inventory frequency subscale; BPII = Brief Pain Inventory interference subscale; FSID = Fatigue Symptom Inventory
duration subscale; FSIF = Fatigue Symptom Inventory frequency subscale; FSII = Fatigue Symptom Inventory interference subscale; PSQI = Pittsburgh Sleep

Quality Index.

Table 2

Patient reported outcome scores. Mean patient-reported symptoms with standard deviations are reported. Baseline (Day 0) and Day 28 values for all PRO measures
were compared between the tocilizumab and comparison groups, as well as changes in score over time within groups.

Day 0 Day 28 Comp Day 0 vs Day 28 Toci Day 0 vs Day 28
Characteristic Comparison,  Toci, p- Comparison,  Toci, p- Difference’  95% p- Difference’  95% p-
N =18’ N=22" value? N=18 N=22" value® cr+® value? cr*® value?
Depression (IDAS) 35 (6) 35(9) >0.9 40 11) 43 (11) 0.4 -5.1 —-10, 0.045 -8.6 —15, 0.011
—0.14 -2.3
Anxiety (IDAS) 17.1 (4.3) 16.0 0.5 17.4 (4.3) 17.6 0.9 -0.29 -2.1, 0.7 -1.6 -3.8, 0.14
(5.3) (4.2) 1.5 0.56
Sleep (PSQI) 5.6 (3.9) 6.6 0.5 8.9(5.1) 8.0 0.6 -3.5 —6.6, 0.031 -1.4 -3.8, 0.2
4.2) (4.6) —0.37 1.0
Pain Interference 1.63 (1.68) 1.25 0.5 1.87 (1.85) 2.55 0.3 —0.24 -1.1, 0.6 —-1.2 —2.2, 0.017
(BPID) (1.47) (1.76) 0.65 —0.25
Pain Frequency 1.06 (1.56) 1.10 >0.9 1.93 (2.21) 1.92 >0.9 -0.87 -2.0, 0.13 -0.75 -1.9, 0.2
(BPIF) (1.67) (1.95) 0.29 0.44
Fatigue 3.38 (1.92) 2.65 0.2 4.34 (1.35) 4.61 0.5 -1.0 -2.1, 0.086 -2.1 -3.0, <0.001
Interference (1.37) (1.27) 0.15 -1.1
(FSID)
Fatigue Frequency 1.76 (1.68) 1.78 >0.9 3.03 (1.78) 3.04 >0.9 -1.3 —2.5, 0.045 -1.4 —2.6, 0.038
(FSIF) (1.79) (1.78) —0.03 —0.09
Fatigue Duration 4.47 (2.35) 3.10 0.082 6.00 (1.50) 5.53 0.4 -1.5 -2.8, 0.021 —-2.6 —4.0, 0.002
(FSID) (2.36) (2.17) -0.27 -1.1

1 Mean (SD); n (%).

2 Welch Two Sample t-test; Pearson’s Chi-squared test.
3 Welch Two Sample t-test; Fisher’s exact test.

4 Paired t-test; McNemar’s Chi-squared test.

5 CI = Confidence Interval.

62), decreasing the power to detect a difference in outcomes between
groups. Additionally, in the present study, all participants were
recruited from the same institution, whereas the previous comparison
group was comprised of patients from another institution. This raises the
possibility of a center effect as at least part of the explanation for the

prior results.

There are some unique considerations when interpreting biobehav-
ioral data such as this in the HCT population. For example, at the Day 28
timepoint, nearly all patients would have engrafted with donor stem
cells, reflecting an entirely new immune repertoire compared to baseline
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Fig. 2. Inflammatory biomarkers. Mean inflammatory biomarker values at baseline and Day 28 for patients in the tocilizumab (green) and comparison (red) groups.
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interleukin 10; IL-17A = interleukin 17A; IL-1ra = interleukin 1 receptor antagonist; IL-6 = interleukin 6; IL-6R = interleukin 6 receptor. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)

measurements. It is not yet known how donor immune profile may affect
recipients, although this is an area of active investigation (Turcotte LM
2021). Additionally, studying biobehavioral relationships in the context
of HCT is inherently challenging (Kelly et al., 2021), as the dynamic and
profound immunologic derangements of the peri-transplant period may
obscure more subtle associations between PROs and inflammatory
markers. Neuroimmune signaling mechanisms are complex and influ-
enced by a multitude of factors, including an organism’s inflammatory
milieu and psychosocial/environmental context (Haykin and Rolls
2021). We know that IL-6 and CRP are interrelated (Bermudez et al.,
2002), and recent discoveries in immunology have shown that these are
pleiotropic molecules that orchestrate not only inflammation, but also
tissue regeneration, metabolism, and homeostasis (Del Giudice and
Gangestad 2018; Kang et al., 2019). Thus, blockade of peripheral IL-6
signaling in an already immunologically complex condition like HCT
may have more diverse and nuanced effects than in the general
population.

This study has several important limitations to consider. First, the
sample size was small (n = 40), thus restricting statistical power avail-
able to detect any potential relationship between IL-6 antagonism and
depressive symptoms. The study sample also came from a single site, and
that may limit generalizability to the larger HCT population and com-
parisons between groups. A distance-based correlation analysis
approach is protective against the issue of multiple comparisons in high-
resolution data, but this could have been present in other secondary
exploratory analyses. Patients in both the tocilizumab and comparison
cohorts voluntarily consented to this study, raising the possibility of an
inherent difference from those patients who declined participation, and
possibly introducing selection bias into the study design. The compari-
son cohort was also recruited after the larger tocilizumab study closed to
accrual, so there may have been a temporal influence in our results. Of
note, patients in both groups reported relatively low depression symp-
tom scores on the IDAS, with means ranging from 35 to 43 (a score of 53

has been proposed as the cutoff for mild depression) (Stasik-O’Brien
et al., 2019). This could have influenced the magnitude of any antide-
pressant effect of tocilizumab and would limit generalizability to pa-
tients with more significant neuropsychiatric symptom burden. This
study represented a non-randomized post-hoc comparison of patient
groups, and thus cannot provide definitive conclusions regarding the
presence or absence of a causal effect (i.e., confounding cannot be ruled
out).

However, this study is one of the few to report parallel inflammatory
biomarker and PRO outcomes in the acute transplant setting, adding to
the limited repository of biobehavioral HCT research. Further,
compiling data on targetable cytokines like IL-6 has substantial thera-
peutic implication and has been limited to few other settings, also with
medically ill individuals (Traki et al., 2014; Khandaker et al., 2018;
Tiosano et al., 2020). These data are of particular relevance in a
vulnerable HCT population. As drugs like tocilizumab become more
widely used to treat severe inflammation in multiple contexts, as seen in
cytokine release syndrome with CAR T cell therapy or COVID-19
infection (Kotch et al., 2019; Zhang et al., 2020), this study provides
critical foundational data for interrogating the potential biobehavioral
sequelae in medically complex patients. Future research should incor-
porate larger sample sizes and more frequent outcome assessments to
represent the dynamic psychoneuroimmune processes in HCT more
precisely.

In summary, this study did not detect a significant association be-
tween tocilizumab administration and PROs during the first month after
HCT. There was an association between pre-HCT inflammatory markers
and PROs, though this effect was no longer present at Day 28. Patients in
the tocilizumab cohort had an average increase of +8.6 points on the
IDAS depression subscale compared to +5.1 in the comparison cohort;
this difference did not reach statistical significance but is a pattern
consistent with our previous findings. This raises the question of dele-
terious effects of increased CNS penetration of free IL-6 following
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Fig. 3. Relationship between inflammatory biomarkers and patient reported outcomes. Overall association between logl0-transformed inflammatory biomarkers
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of this article.)

Table 3

Relationship between baseline inflammatory biomarkers and Day 28 depression. ANCOVA models of Day 28 depression score based on individual baseline cytokines,
adjusted for clinical covariates.

Characteristic CRP IL10 1L6 IL6R

Beta  95% CI' p-value Beta  95% CI! p-value  Beta  95% CI' p-value  Beta 95% CI! p-value
Baseline Depression 0.44 -0.12,1.0 0.12 0.34 —0.26, 0.94 0.3 0.39 —0.14, 0.92 0.14 0.40 -0.12, 0.93 0.13
Cytokine, 10-fold increase -2.0 -11,7.4 0.7 1.6 -5.8,9.0 0.7 -1.3 -9.3, 6.8 0.8 -3.4 —24,17 0.7
Conditioning (RIC/NST vs MAC) -9.8 -18, -1.9 0.017 -9.4 -17, -1.3 0.025 -9.3 —18, —0.87 0.032 -9.3 -18, -1.1 0.028
Remission status (CR1 vs not) -1.0 —8.9,6.8 0.8 -1.5 —-9.6, 6.7 0.7 -1.0 —-8.9, 6.9 0.8 —0.88 -8.8,7.0 0.8

peripheral IL-6R blockade, which aligns with hypothesized mechanisms
of heightened neurotoxicity following tocilizumab administration in
CART cell therapy (Gust et al., 2017; Gust et al., 2020). Therefore, in the
dynamic peri-HCT period, the ideal schedule of tocilizumab adminis-
tration to assess any subsequent neuropsychiatric effects may be
dependent on the inflammatory state of the patient. Larger, randomized
controlled trials are needed to address these questions in the HCT

population.

Understanding the intricacies of biobehavioral relationships in HCT
is challenging, but of paramount importance. As neuroimmune mecha-
nisms are more clearly elucidated, new opportunities for risk stratifi-
cation, therapeutic adaptation, and targeted supportive care will follow,

providing promising opportunities to improve quality of life and clinical
outcomes in this vulnerable population.
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