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Abstract

Objectives. Human cytomegalovirus (HCMV) reactivation is the
leading viral complication after allogeneic haematopoietic stem
cell transplantation (allo-HSCT). Understanding of circulating
cytokine/chemokine patterns which accompany HCMV reactivation
and correlate with HCMV DNAemia magnitude is limited. We
aimed to characterise plasma cytokine/chemokine profiles in 36
allo-HSCT patients (21 with HCMV reactivation and 15 without
HCMV reactivation) at four time-points in the first 100-day post-
transplant. Methods. The concentrations of 31 cytokines/
chemokines in plasma samples were analysed using a multiplex
bead-based immunoassay. Cytokine/chemokine concentrations
were compared in patients with high-level HCMV DNAemia, low-
level HCMV DNAemia or no HCMV reactivation, and correlated
with immune cell frequencies measured using mass cytometry.
Results. Increased plasma levels of T helper 1-type cytokines/
chemokines (TNF, IL-18, IP-10, MIG) were detected in patients with
HCMV reactivation at the peak of HCMV DNAemia, relative to
non-reactivators. Stem cell factor (SCF) levels were significantly
higher before the detection of HCMV reactivation in patients who
went on to develop high-level HCMV DNAemia (810–52 740
copies/mL) vs. low-level HCMV DNAemia (< 250 copies/mL). High-
level HCMV reactivators, but not low-level reactivators, developed
an elevated inflammatory cytokine/chemokine profile (MIP-1a,
MIP-1b, TNF, LT-a, IL-13, IL-9, SCF, HGF) at the peak of reactivation.
Plasma cytokine concentrations displayed unique correlations with
circulating immune cell frequencies in patients with HCMV
reactivation. Conclusion. This study identifies distinct circulating
cytokine/chemokine signatures associated with the magnitude of
HCMV DNAemia and the progression of HCMV reactivation after
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allo-HSCT, providing important insight into immune recovery
patterns associated with HCMV reactivation and viral control.

Keywords: allo-HSCT, chemokines, cytokines, human
cytomegalovirus, transplant, viral reactivation

INTRODUCTION

Human cytomegalovirus (HCMV) reactivation is a
common complication causing morbidity and
mortality after allogeneic haematopoietic stem cell
transplantation (allo-HSCT). Opportunistic HCMV
reactivation occurs in up to two-thirds of
seropositive allo-HSCT patients and is associated
with negative impacts including the development
of end-organ HCMV disease (seen in ~10% of
patients), toxicities from antiviral drugs and
increased risks of acute graft-vs.-host disease
(aGvHD) and microbial infections.1–5 Despite the
availability of prophylactic and pre-emptive
antiviral therapies,6 HCMV reactivation continues
to have a significant negative impact on transplant
outcomes,7,8 underlining the need for improved
understanding of the immune parameters
associated with HCMV reactivation and its impacts
on immune recovery after allo-HSCT.

Cytokines and chemokines are secreted effector
proteins with diverse roles in regulating
inflammation, maintaining homeostasis and
directing immune cell differentiation, proliferation,
migration and function.9 The circulating cytokine
environment that accompanies immune cell
reconstitution after allo-HSCT is highly dynamic,10,11

with alterations in the cytokine milieu associated
with post-transplant complications, including HCMV
reactivation.12–15 Previous studies have identified
elevated levels of circulating pro-inflammatory
cytokines such as interleukin (IL)-6, IL-8 and tumor
necrosis factor (TNF) in allo-HSCT recipients with
HCMV reactivation.13–15 Inflammatory signalling is
recognised as an important factor in promoting
HCMV reactivation and replication,16–19 and levels of
TNF,14 IL-69 or transforming growth factor-b1
(TGF-b1)20 have been reported to predict HCMV
reactivation or disease post-HSCT. Additionally,
elevated plasma C-reactive protein (CRP) levels were
reported to predict HCMV DNAemia episodes
requiring pre-emptive antiviral therapy (PET).20

While circulating cytokines may serve as clinically
relevant biomarkers to predict reactivation,
understanding of how cytokine patterns evolve
during the course of HCMV reactivation post-HSCT

and correlate with the magnitude of HCMV
DNAemia is limited.

Here, we analysed the concentrations of 31
cytokines, chemokines and growth factors in plasma
samples taken from allo-HSCT recipients at four time-
points (before detection, at the initial detection, at
the peak, and near the resolution, of HCMV
DNAemia) in the first 100 days post-transplant
(d.p.t.), using a multiplex bead-based immunoassay.
We compared plasma cytokine/chemokine profiles
between patients with high-level HCMV DNAemia
(HR), low-level HCMV DNAemia (LR) or no HCMV
reactivation, identifying an elevated T helper 1 (Th1)-
associated inflammatory cytokine/chemokine profile
in HR patients at the peak of HCMV DNAemia. We
also investigated correlations between circulating
cytokine levels and peripheral blood mononuclear
cell (PBMC) subset frequencies in patients with and
without HCMV reactivation. Our results contribute to
a greater understanding of plasma cytokine
dynamics over the course of HCMV reactivation and
reveal distinct circulating cytokine/chemokine
patterns associated with the magnitude of HCMV
DNAemia after allo-HSCT.

RESULTS

Patient population

Plasma samples from 21 allo-HSCT recipients with
HCMV reactivation (R) and 15 allo-HSCT recipients
without HCMV reactivation (NR) in the first 100 days
post-HSCT (Figure 1a) were studied. Patient and
transplant characteristics, including donor type,
donor/recipient HCMV serostatus, age, stem cell
source, conditioning intensity, aGvHD incidence
and HCMV reactivation parameters, are shown
in Table 1. The median day of HCMV DNAemia
detection was 31 (range 12–45) d.p.t. and peak
HCMV DNA copies mL�1 in the cohort ranged from
150 to 52 740 (median 2690) copies mL�1 (Table 1).
No patient had documented HCMV end-organ
disease. Aside from recipient HCMV-serostatus, there
were no significant differences in demographic or
baseline transplant characteristics between R and NR
groups (Table 1).
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Emergence of elevated Th1-associated
cytokine profile in allo-HSCT patients with
HCMV reactivation

A 48-plex bead-based immunoassay was utilised
to measure the concentrations of cytokines,
chemokines and growth factors in plasma samples
from four time-points in patients with HCMV
reactivation (T1, before detection of HCMV
reactivation; T2, initial detection of HCMV

DNAemia; T3, peak of HCMV DNAemia; T4, near
resolution of HCMV DNAemia) (Figure 1b), or
from equivalent days post-transplant from
patients without HCMV reactivation (Figure 1c;
Supplementary figure 1). The timing of samples
relative to transplant is shown in Figure 1c. A
total of 138 plasma samples from 36 patients (3 or
4 samples per patient) were analysed over four
assay plates. Intra-assay precision calculated from
sample duplicates was < 15% coefficient of

Figure 1. Outline of patient groups and plasma sample time-points. (a) Flowchart of patient subgroups analysed. (b) Human cytomegalovirus

(HCMV) DNA copy numbers in plasma at the four time-points (T1-4) analysed with a bead-based multiplex plasma cytokine assay: T1, before

detection of HCMV reactivation; T2, initial detection of HCMV DNAemia; T3, peak of HCMV DNAemia; T4, near the resolution of HCMV

DNAemia. Statistical significance evaluated using two-tailed Mann Whitney U-tests comparing low-level HCMV reactivators (LR, blue) and high-

level HCMV reactivators (HR, black) per time-point. ***P < 0.0001. T1, LR n = 4, HR n = 13. T2, LR n = 6, HR n = 15. T3, LR n = 5, HR n = 15.

T4, LR n = 5, HR n = 15. (c) Plasma samples studied with the multiplex cytokine assay. Lines display the median. One-way ANOVA used to

compare groups at each time-point (all not significant, P > 0.05). Median number of days between patient samples was 19 (range 5–49)

days. SN, D�/R� HCMV seronegative (red); SP-NR, HCMV seropositive non-reactivators (orange); D, donor; R, recipient; +, HCMV seropositive;

�, HCMV seronegative; HCMV, human cytomegalovirus; HSCT, haematopoietic stem cell transplant.
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Table 1. Characteristics of HSCT recipients

Characteristic

All patients

(n = 36)

SN

(n = 8)

SP-NR

(n = 7) LR (n = 6) HR (n = 15)

R vs. NR

P-value

LR vs. HR

P-value

Demographics

Age, years 52 (18–70) 43.5 (31–70) 55 (19–60) 42.5 (24–62) 59 (18–70) 0.85 0.33

Sex (M:F) 17:19 7:1 3:4 2:4 5:10 0.090 > 0.9999

HCMV serostatus (n)

D�/R� 8 8 0 0 0 ND 0.12

D+/R� 4 0 4 0 0

D�/R+ 6 0 0 0 6

D+/R+ 18 0 3 6 9

Recipient HCMV serostatus (n)

R+ 24 0 3 6 15 < 0.0001 > 0.9999

R� 12 8 4 0 0

Donor HCMV serostatus (n)

D+ 22 0 7 6 9 0.18 0.12

D� 14 8 0 0 6

Underlying disease (n)

AML 21 7 4 4 6 ND ND

ALL 7 0 2 1 4

MDS 3 0 1 0 2

SAA 3 0 0 1 2

MPD 2 1 0 0 1

Transplant characteristics

Conditioning (n)

Myeloablative 13 (36%) 4 (50%) 3 (43%) 3 (50%) 3 (20%) 0.31 0.29

Reduced intensity 23 (64%) 4 (50%) 4 (57%) 3 (50%) 12 (80%)

Stem cell source (n)

Peripheral blood 33 (92%) 8 (100%) 7 (100%) 5 (83%) 13 (87%) 0.25 > 0.9999

Bone marrow 3 (8%) 0 0 1 (17%) 2 (13%)

Donor type (n)

Matched unrelated 24 (67%) 5 5 3 11 ND ND

Haploidentical 3 (8%) 1 1 0 1

HLA-identical related 9 (25%) 2 1 3 3

T cell depletion (n) 21 (58%) 3 (38%) 3 (43%) 4 (67%) 11 (73%) 0.090 > 0.9999

ATG 18 3 3 3 9

Alemtuzumab 3 0 0 1 2

Post-transplant events

HCMV reactivation (n) 21 (58%) 0 0 6 (100%) 15 (100%) ND ND

EBV reactivation (n) 17 (47%) 4 (50%) 2 (29%) 1 (17%) 10 (67%) 0.52 0.064

Acute GvHD (n)

Overall (grade II-IV) 9 (25%) 2 (25%) 1 (14%) 0 6 (40%) 0.71 0.12

Severe (grade III-IV) 2 (6%) 1 (13%) 0 0 1 (7%)

Relapse (n) 11 (31%) 3 (38%) 2 (29%) 1 (17%) 5 (33%) > 0.9999 0.62

Death, first-year post-HSCT (n) 4 (11%) 0 1 (14%) 0 3 (20%) 0.63 0.53

HCMV reactivation characteristics

Group All HCMV

reactivators (n = 21)

n/a n/a LR (n = 6) HR (n = 15) n/a LR vs. HR

P-value

Day post-HSCT of HCMV

reactivation detection

31 (12–45) n/a n/a 35 (12–45) 29 (17–45) n/a 0.56

Magnitude of first detected HCMV

DNAemia (copies mL�1)

150 (150–269) n/a n/a 150 (150–150) 150 (150–269) n/a 0.54

Peak HCMV DNA copies mL�1 2690 (150–52740) n/a n/a 150 (150–244) 3380 (810–52740) n/a < 0.0001

HCMV DNAemia duration, days 33 (7–121) n/a n/a 21.5 (7–49) 38 (25–121) n/a 0.035

log10 HCMV DNA AUC0–100 4.46 (3.32–5.54) n/a n/a 3.69 (3.32–3.87) 4.72 (4.02–5.54) n/a < 0.0001

Resolution of HCMV DNAemia by

day 100 post-HSCT

13 (62%) n/a n/a 6 (100%) 8 (53%) n/a 0.061

Pre-emptive antiviral therapy for

HCMV reactivation

16 (76%) n/a n/a 1 (17%) 15 (100%) n/a 0.0003
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variation (CV) for all analytes. Inter-assay
precision, calculated from the kit’s quality control
(QC) sample across the four plates, was median
12.1 %CV (range 2.7–100.1 %CV). For QC
purposes, analytes with an inter-assay %CV ≥ 30
(n = 7) (Supplementary table 1) were excluded
from analysis. A further 10 analytes which were
not detected in any plasma sample on one or
more plates were also excluded (Supplementary
table 1), resulting in the retention of 31/48
analytes for further analysis.

We first compared plasma concentrations of the
31 analytes that passed QC between patients with
(R) and without (NR) HCMV reactivation. While no
differences in cytokine concentrations were seen
at T1 (Figure 2), a collection of five cytokines/
chemokines (TNF, IL-18, IFN-c-induced protein
10 kDa [IP-10], monokine induced by IFN-c [MIG],
IL-2) associated with T helper type 1 (Th1)
responses became elevated in R compared to NR
patients at T2 or T3 (Figure 2). Higher levels of
TNF (P = 0.019), IL-2 (P = 0.028) and IP-10
(P = 0.012) were seen at T2 in R compared to NR
patients (Figure 2). TNF and IP-10 concentrations
further increased in R patients at T3, and together
with IL-18 (P = 0.0027) and MIG (P = 0.0044) were
significantly higher in R compared to NR at T3
(Figure 2). Mean levels of TNF, MIG and IP-10
declined in R patients at T4, with only MIG
(P = 0.030) and cutaneous T-cell-attracting
chemokine (CTACK) (P = 0.025) significantly
higher in R vs. NR patients at T4 (Figure 2).
Overall, these results illustrate the emergence of
an elevated Th1-like cytokine profile in allo-HSCT
patients experiencing HCMV reactivation.

Early plasma cytokine patterns differ in
low-level HCMV reactivators and high-level
HCMV reactivators

To investigate plasma cytokine patterns associated
with the magnitude of HCMV DNAemia, patients
with HCMV reactivation were divided into LR

(n = 6), who maintained HCMV DNAemia levels
near to or below the lower limit of quantitation
(LLQ) (150 [150–244] peak copies mL�1) and
largely resolved HCMV DNAemia without PET;
and HR (n = 15), who developed clinically
significant infection with higher peak viral loads
(3380 [810–52 740] copies mL�1; P < 0.0001) and a
longer duration of HCMV DNAemia (P = 0.035)
(Figure 1a; Table 1). There were no significant
differences in baseline transplant characteristics
between the HR and LR subgroups (Table 1). Non-
reactivators were divided by pre-transplant HCMV-
serostatus into seronegative (SN; D�/R�; n = 8)
and seropositive (SP-NR; D+ and/or R+; n = 7)
groups (Figure 1a; Table 1).

Analyte concentrations were compared between
LR and HR at each time-point (Supplementary
figure 2b). The earliest difference detected was
lower levels of stem cell factor (SCF) in LR
compared to HR at T1 (28.7 [7.1–67.3] vs. 79.2
[30.1–169.1] pg mL�1; P = 0.042) (Figure 3a). Mean
SCF levels appeared elevated in the HR group at
all time-points examined, and were significantly
higher in HR relative to LR (P = 0.040) and SP-NR
(P = 0.031) at T3 (Figure 3a). No other analytes
differed significantly between LR and HR at T1,
and no differences between LR and HR were
detected at T2 (Supplementary figures 2b, 3). As
SCF is a haematopoietic cytokine which can
promote thymopoiesis,21 we analysed the
relationship between plasma SCF levels and na€ıve
T cell counts at corresponding timepoints in 31/36
of the current patients, for which immune cell
frequencies were measured in a previous study by
mass cytometry.22 Na€ıve CD4+ T cell counts were
higher in non-reactivators compared to HCMV
reactivators, although SCF levels were not found
to correlate with na€ıve T cell counts and there
were no significant differences in na€ıve T cell
counts between LR and HR (Supplementary
figure 4).

To further understand early plasma cytokine
dynamics in LR and HR patients, changes in

Number (n) with percentage, or median with range, is shown. Age was compared between groups using unpaired two-tailed t-tests, other

continuous variables were compared using two-tailed Mann–Whitney U-tests. Categorical variables were compared using two-sided Fisher’s exact

tests. P-values < 0.05 were considered significant (shown in bold).

ALL, acute lymphoblastic leukaemia; AML, acute myeloid leukaemia; ATG, anti-thymocyte globulin; AUC0–100, area under the curve of HCMV DNA

copies mL�1 plasma in the first 100 days post-HSCT; D/R, donor/recipient; EBV, Epstein–Barr Virus; F, female; GvHD, graft-vs.-host disease; HCMV,

human cytomegalovirus; HR, high-level HCMV reactivation; HSCT, haematopoietic stem cell transplant; LR, low-level HCMV reactivation; M, male;

MDS, myelodysplastic syndrome; MPD, myeloproliferative disorder; n/a, not applicable; ND, not determined; NR, non-reactivators (SN and SP-NR); R,

HCMV reactivators (LR and HR); SAA, severe aplastic anaemia; SN, D�/R� HCMV seronegative; SP-NR, D+ and/or R+ HCMV seropositive.

Table 1 footnotes:
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circulating cytokine concentrations between T1 and
T2 were explored. Three analytes (TNF, IL-2,
macrophage colony-stimulating factor [M-CSF])
exhibited significant increases between T1 and T2 in
the HR group only (P = 0.028, P = 0.016 and
P = 0.0003, respectively; Figure 3b). No significant
changes in cytokine concentrations between T1 and
T2 in the LR group were detected. Of note,
however, TNF levels increased between T1 and T2 in
both LR and HR (mean fold increase 2.3 � 0.8 and
1.8 � 0.3 per patient, respectively), while
decreasing in the SP-NR group between T1 and T2
(Figure 3c). TNF levels at T2 were significantly higher
in HR (P = 0.048), but not LR (P = 0.18), relative to
SP-NR (Figure 3b). Previous studies have noted an
association between elevated circulating TNF levels
and HCMV reactivation in HSCT patients,13,14 and
proposed high TNF levels as a predictive marker for
HCMV reactivation.14 While TNF levels did not differ
between patient groups before the detection of
HCMVDNAemia (T1) in the current cohort (Figures 2
and 3b), these findings suggest an early rise in

plasma TNF levels may be an indicator of the
development of HCMV DNAemia in HCMV-
seropositive (D+ and/or R+) patients.

Inflammatory plasma cytokine/chemokine
profile at the peak of HCMV DNAemia in
high-level reactivators

At the peak of HCMV DNAemia (T3), HR patients
developed a markedly distinct inflammatory
plasma cytokine/chemokine profile with
significantly elevated concentrations of
chemokines (macrophage inflammatory protein 1a
[MIP-1a], MIP-1b), cytokines (TNF, lymphotoxin-a
[LT-a], IL-13, IL-9) and growth factors (SCF,
hepatocyte growth factor [HGF]) relative to LR
(Figure 4a and c). Many of these factors, as well as
MIG, IL-18 and IP-10 (Figure 4b), were also higher
in HR relative to patients without reactivation (SN
and/or SP-NR) (Figure 4a–c). In contrast, relatively
few differences in analyte concentrations were
seen between LR and SP-NR; lower levels of

Figure 2. Development of an elevated Th1 associated plasma cytokine profile in allo-HSCT patients with HCMV reactivation. Concentrations

(pg mL�1) of 31 analytes in plasma samples from allo-HSCT recipients who experienced human cytomegalovirus (HCMV) reactivation (R; grey,

n = 21) or who did not experience HCMV reactivation (NR; blue, n = 15) were measured using a multiplex bead-based assay. Analytes found to

be significantly different between the R group and NR group at one or more time-points are shown. The time-points assessed were: T1, before

detection of HCMV reactivation; T2, initial detection of HCMV DNAemia; T3, peak of HCMV DNAemia; T4, near the resolution of HCMV

DNAemia; or equivalent days post-transplant from NR patients. Graphs display mean � SEM. Statistical significance between patient groups was

determined by Mann–Whitney U-tests. Comparisons between time-points were evaluated using two-way mixed effects models with Tukey’s

multiple comparisons test. P < 0.05 was considered significant. *P < 0.05; **P < 0.01. CCL27, C-C motif chemokine ligand 27; CTACK,

cutaneous T cell-attracting chemokine; CXCL10, C-X-C motif chemokine ligand 10; CXCL9, C-X-C motif chemokine ligand 9; IL-18, interleukin

18; IL-2, interleukin 2; IP-10, interferon-c induced protein 10 kDa; MIG, monokine induced by interferon-c; TNF, tumor necrosis factor.
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Figure 3. Early plasma cytokine profiles in low-level HCMV reactivators and high-level HCMV reactivators. (a) Stem cell factor (SCF)

concentrations (pg mL�1) in plasma samples from allo-HSCT patients with high-level HCMV reactivation (HR; black, n = 15), low-level HCMV

reactivation (LR; blue, n = 6), D�/R� HCMV seronegative patients (SN; red, n = 8) and HCMV seropositive (D+ and/or R+) patients without

HCMV reactivation (SP-NR; orange, n = 7). Left: Mean � SEM is shown. Significance determined by Mann–Whitney U-tests. *P < 0.05 for HR vs.

LR; oP < 0.05 for HR vs. SP-NR. Right: Box plot lines display min-max with interquartile range and median. Each symbol represents one patient

sample. Significance determined by Kruskal–Wallis tests; *P < 0.05. (b) Plasma concentrations of tumor necrosis factor (TNF), interleukin 2 (IL-2)

and macrophage colony-stimulating factor (M-CSF). Mean � SEM is shown. For symbols directly above time-points: *P < 0.05 for HR vs. LR;
oP < 0.05 for HR vs. SP-NR; #P < 0.05 and ###P < 0.001 for HR vs. SN, determined by Mann–Whitney U-tests. Horizontal lines show significant

differences between time-points in the indicated patient group, as determined by two-way mixed effects models with Tukey’s multiple

comparisons test; *P < 0.05, **P < 0.01, ***P < 0.001. (c) Left: TNF plasma concentrations at T1 and T2. Lines connect samples from individual

patients. Significance was determined by the two-tailed Wilcoxon test. Right: Fold change of plasma TNF levels (pg mL�1) between T1 and T2.

Lines show mean � SEM. Significance determined by Kruskal–Wallis with Dunn’s multiple comparisons test; *P < 0.05. T1, before detection of

HCMV reactivation; T2, initial detection of HCMV DNAemia; T3, peak of HCMV DNAemia; T4, near the resolution of HCMV DNAemia. D, donor;

HCMV, human cytomegalovirus; R, recipient.
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Figure 4. Elevated plasma cytokine profile at peak of HCMV DNAemia in patients with high-level HCMV reactivation. (a) Concentrations

(pg mL�1) of interleukin 9 (IL-9), lymphotoxin a (LT-a)/tumor necrosis factor b (TNF-b), macrophage inflammatory protein 1a (MIP-1a)/C-C motif

chemokine ligand 3 (CCL3), hepatocyte growth factor (HGF), interleukin 13 (IL-13), macrophage inflammatory protein 1b (MIP-1b)/C-C motif

chemokine ligand 4 (CCL4) in plasma samples from allo-HSCT patients with high-level HCMV reactivation (HR; black, n = 15), low-level HCMV

reactivation (LR; blue, n = 6), D�/R� HCMV seronegative patients (SN; red, n = 8) and HCMV seropositive (D+ and/or R+) patients without

HCMV reactivation (SP-NR; orange, n = 7). (b) Plasma concentrations of interleukin 18 (IL-18), monokine induced by interferon-c (MIG)/C-X-C

motif chemokine ligand 9 (CXCL9), interferon-c induced protein 10 kDa (IP-10) and soluble IL-2 receptor a chain (sIL-2Ra). For a and b,

mean � SEM is shown. Significance between patient groups determined by Mann–Whitney U-tests: *P < 0.05 and **P < 0.01 for HR vs. LR;
#P < 0.05, ##P < 0.01 and ###P < 0.001 for HR vs. SN; oP < 0.05 for HR vs. SP-NR; aP < 0.05 for LR vs. SP-NR. Horizontal lines show significant

differences in analyte concentrations between time-points in the indicated patient group, as determined by two-way mixed effects models with

Tukey’s multiple comparisons test; *P < 0.05, **P < 0.01. (c) Heatmap illustrating analytes which differed significantly in plasma concentration

between HR and LR at T3, as determined by Mann–Whitney U-tests. Rows show analytes and columns represent individual patients, labelled and

ordered by patient group. Heatmap displays the Z-score normalised plasma cytokine concentrations per row. Heatmap generated using the

Morpheus web tool (Broad Institute; https://software.broadinstitute.org/morpheus). On the right, * indicates statistical significance (P < 0.05;

Mann–Whitney U-tests) per analyte between HR and the listed patient groups. At T3: HR n = 15, LR n = 5, SN n = 8, SP-NR n = 7. T1, before

detection of HCMV reactivation; T2, initial detection of HCMV DNAemia; T3, peak of HCMV DNAemia; T4, near the resolution of HCMV

DNAemia. D, donor; HCMV, human cytomegalovirus; R, recipient.
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MIP-1a at T1 (P = 0.024) and MIP-1b levels at T3
(P = 0.048) were the only differences observed in
LR compared to SP-NR (Figure 4a; Supplementary
figure 2d). A suite of cytokines/chemokines (TNF,
IL-9, MIP-1b, MIP-1a, LT-a, MIG, IP-10) exhibited
similar dynamics in the HR group, increasing to
their highest concentration at T3 and
subsequently declining at T4 (Figures 3b and 4a
and b). This same pattern was not evident in the
LR group (Figures 3b and 4a and b) and no
analyte was detected at higher levels in LR
relative to HR at any time-point (Supplementary
figure 2b). Finally, at T4, lower concentrations of
soluble IL-2 receptor a-chain (sIL-2Ra; CD25) were
identified in LR vs. HR (P = 0.012) (Figure 4b),
representing the only difference detected
between these groups at T4. Together, these data
reflect an elevated inflammatory plasma cytokine
profile in HR patients at the peak of HCMV
DNAemia, and indicate no wide-ranging
modulation of the plasma cytokine environment
in LR patients relative to non-reactivators.

Correlations between plasma cytokine
concentrations and peak HCMV viral load

To further explore the relationship between
plasma cytokine concentrations and HCMV
DNAemia magnitude, Spearman correlations
between peak HCMV DNA copies mL�1 and
concentrations of the 31 analytes at each time-
point were assessed (Figure 5a). Significant positive
correlations were detected between peak HCMV
copies mL�1 and a range of analytes (sIL-2Ra,
IL-8, IP-10, monocyte chemoattractant protein 1
[MCP-1], M-CSF, MIP-1a, TNF), predominantly at T4
(Figure 5a). sIL-2Ra concentrations at T1
(r = 0.5077, P = 0.039), T2 (r = 0.5616, P = 0.0081),
and most strongly at T4 (r = 0.7660, P < 0.0001)
were significantly positively correlated with peak
HCMV DNA copies mL�1 (Figure 5a and b). A
negative correlation between peak HCMV copies
mL�1 and platelet-derived growth factor BB
(PDGF-BB) levels at T4 (r = �0.6868, P = 0.0008) was
also detected (Figure 5a and c).

Relationships between circulating immune
cell frequencies and plasma cytokine
concentrations in patients with HCMV
reactivation

To obtain a more global view of immune profiles in
allo-HSCT recipients with or without HCMV

reactivation, correlations between plasma cytokine
concentrations and PBMC frequencies, measured
using mass cytometry in our previous study,22 at
matched time-points were evaluated. Immune cell
frequency measurements were available for 31 of
36 patients in the current cohort. Pairwise
correlations of plasma cytokines (n = 31) with
PBMC subset percentages (n = 88) and absolute cell
counts (9109/L blood, n = 77) were performed for
each patient group, using a false discovery rate
(FDR) of 1% to minimise false-positive associations.

A suite of significant correlations between
plasma cytokines (predominantly MIG and sIL-2Ra)
and immune cell percentages (mainly cd T-cells,
CD3+CD56+ cells and additional T-cell subsets) were
detected in the HR group (Supplementary table 2).
Two of the most prominent correlations in HR were
positive correlations of MIG (r = 0.6770, q = 0.0012)
(Figure 6a) and sIL-2Ra (r = 0.6593, q = 0.0016)
(Figure 6b) with cd T-cell percentages (Figure 6a
and b). In the LR group, a collection of lymphocyte
subset counts (9109/L) positively correlated with
IP-10 and MIG plasma concentrations
(Supplementary table 3). The strongest correlation
in LR was between IP-10 and ICOS+HLA-DR+CD38+

CD4+ T-cell counts (r = 0.8632, q = 0.0023)
(Figure 6c). No significant correlations between
immune cell frequencies and plasma cytokines
were detected in the SN or SP-NR groups. Overall,
distinct correlation patterns between plasma
cytokines and PBMC subset frequencies are evident
in allo-HSCT patients experiencing HCMV
reactivation, suggestive of different underlying
immune patterns in HR, LR and non-reactivators.

DISCUSSION

Here, we show that dynamic changes in plasma
cytokine/chemokine concentrations occur during
the course of HCMV DNAemia in allo-HSCT
patients, and report the development of an
elevated inflammatory, Th1-associated cytokine/
chemokine profile in individuals who experience
high-level HCMV reactivation. Our results reveal
circulating cytokine patterns which correlate with
the progression of HCMV reactivation and the
magnitude of viral load, providing insight into
immune biomarkers which can be harnessed to
better understand the pathogenesis of HCMV
reactivation and immune responses during active
HCMV DNAemia episodes following allo-HSCT.

Previous work has identified circulating
inflammatory markers (e.g. TNF or IL-6) as predictive
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of HCMV reactivation or disease post-HSCT.13,14

HCMV infection in solid organ transplant (SOT)
recipients and healthy seropositive individuals is
associated with the induction of systemic

inflammation and Th1-polarised cytokine responses.23

HCMV-induced immunomodulatory effects, partly
through the provocation of inflammatory cytokine
responses and the production of virally encoded

Figure 5. Correlations between plasma cytokine concentrations and HCMV viral load in allo-HSCT patients with HCMV reactivation. (a)

Spearman’s rank correlation coefficients (r) between peak human cytomegalovirus (HCMV) DNA copies mL�1 and the plasma concentrations

(pg mL�1) of 31 analytes in patients with HCMV reactivation (n = 21). Significant correlations are indicated by *P < 0.05, **P < 0.01,

***P < 0.001, ****P < 0.0001. (b) Two-tailed Spearman correlations between soluble IL-2 receptor a chain (sIL-2Ra) concentrations (pg mL�1 in

plasma) and peak HCMV DNA copies mL�1 in allo-HSCT patients who experienced HCMV reactivation: high-level reactivators (HR, black symbols)

and low-level reactivators (LR, blue symbols). A simple linear regression line is shown. Vertical black dotted line indicates the lower limit of

quantitation of HCMV DNAemia (150 copies mL�1). (c) Left: Platelet-derived growth factor BB subunits (PDGF-BB) concentrations (pg mL�1) in

plasma samples from HR (n = 15, black), LR (n = 6, blue), HCMV seropositive (D+ and/or R+) patients without HCMV reactivation (SP-NR, orange;

n = 7) and D�/R� HCMV seronegative patients (SN, red; n = 8). Mean � SEM is shown. Right: Two-tailed Spearman correlation between

PDGF-BB concentrations at T4 and peak HCMV DNA copies mL�1 in reactivators (LR and HR). A simple linear regression line is shown. Vertical

black dotted line indicates the lower limit of quantitation (150 HCMV DNA copies mL�1). r denotes the Spearman correlation coefficient. T1,

before detection of HCMV reactivation; T2, initial detection of HCMV DNAemia; T3, peak of HCMV DNAemia; T4, near the resolution of HCMV

DNAemia. D, donor; R, recipient.
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Figure 6. Correlations between plasma cytokine concentrations and immune cell subset frequencies in patients with HCMV reactivation. Two-

tailed Spearman correlations between plasma cytokine concentrations (pg mL�1) (n = 31 analytes) and paired peripheral blood mononuclear cell

frequencies (percentages [n = 88] or absolute counts [n = 77]) were performed in each patient group, all time-points combined. Immune cell

frequency measurements were available for 31 patients (HR n = 12, LR n = 6, SP-NR n = 5, SN n = 8). Plasma cytokine concentrations

were measured by multiplex bead-based assay, and immune cell frequencies were measured by mass cytometry. False discovery rate (FDR)

adjusted P-values (q) < 0.01 were considered significant. Spearman correlations between (a) monokine induced by interferon-c (MIG) plasma

concentration and cd-T cell percentages (% of live cells), (b) soluble IL-2 receptor a chain (sIL-2Ra) plasma concentration and cd-T cell

percentages (% of live cells), and (c) interferon-c induced protein 10 kDa (IP-10) plasma concentration and ICOS+HLA-DR+CD38+ CD4+ T cell

counts (9109 L�1), in each patient group. Each symbol represents one plasma sample. r denotes the Spearman correlation coefficient. Simple

linear regression lines are shown. High-level HCMV reactivators (HR, black; n = 44 samples), low-level HCMV reactivation (LR, blue; n = 21

samples), HCMV seropositive (D+ and/or R+) patients without HCMV reactivation (SP-NR, orange; n = 20 samples) and D�/R� HCMV

seronegative patients (SN, red; n = 32 samples). HCMV, human cytomegalovirus.
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human cytokine/chemokine homologues,24 are
thought to be linked to a variety of negative impacts
on the host,25 such as allograft rejection, aGvHD and
bacterial/fungal infections in transplant recipients.
Few studies have mapped the expression patterns of
multiple circulating cytokines/chemokines across the
course of HCMV DNAemia and investigated their
relationship with viral load after allo-HSCT.13 HCMV
viral load magnitude and kinetics are of clinical
significance as higher viral loads are associated with
prolonged viraemia, higher antiviral therapy
requirements, and increased risks of end-organ
disease and non-relapse mortality.7,26–28

Here, we identified that while high-level HCMV
reactivation is associated with the appearance of a
heightened inflammatory cytokine/chemokine
signature, seen prominently at the peak of HCMV
DNAemia, allo-HSCT patients who effectively control
HCMV DNAemia to low levels (< 250 copies mL�1) do
not exhibit a similar inflammatory profile. Instead,
they display cytokine profiles more akin to patients
without detectable HCMV DNAemia. The recovery of
polyfunctional HCMV-specific T-cells expressing Th1
cytokines is associated with protection from clinically
significant HCMV reactivation post-HSCT,29,30 and it
may be that in low-level reactivators, viral replication
is able to be effectively controlled locally in the
absence of an elevated systemic inflammatory
response. In addition to Th1 cytokines (e.g. TNF, LT-a,
IP-10, MIP-1b), elevated levels of IL-9 and IL-13,
cytokines associated with type 2 inflammatory
responses,31,32 were found in high-level reactivators
at the peak of HCMV DNAemia. It will be important
to determine whether the heightened cytokine/
chemokine profile seen in HR is reflective of immune
activation favorable for viral control, or might
represent a maladaptive, immunopathological
response to HCMV reactivation or tissue damage
resulting from lytic HCMV replication. In this respect,
inflammation is known to enhance HCMV replication
and promote reactivation,18,19 and many of the
circulating mediators identified at increased levels in
patients with high-level HCMV DNAemia, including
TNF, LT-a, MIP-1a, MIP-1b, IP-10, MIG and HGF, have
been identified in the secretomes of fibroblasts and/
or endothelial cells productively infected with
HCMV.33,34

Early differences in circulating cytokine profiles
were identified in this study in patients who
developed HCMV reactivation. This included
increased TNF levels between T1 and T2, supporting
the findings of previous studies demonstrating a
relationship between increased TNF levels and

HCMV reactivation.13,14 The identification of a
circulating cytokine signature allowing early
recognition of clinically significant reactivation
would be of great clinical value, as this could assist
clinicians in optimising antiviral treatment decisions
to minimise HCMV-related morbidity.20 Here, we
found significantly higher SCF levels prior to the
detection of reactivation in patients who developed
high-level vs. low-level HCMV DNAemia. SCF is a
cytokine which promotes haematopoiesis and
thymopoiesis,21,35 and is also of interest given a
potential relationship between SCF, thymopoiesis
and HCMV reactivation. Elevated plasma SCF levels
were found to be associated with higher mortality
in double umbilical cord blood transplant
recipients, and inversely correlated with na€ıve CD4+

T-cell recovery and T cell receptor excision circle
(TREC) counts.36 We previously observed slow CD4+

T-cell reconstitution in high-level HCMV reactivators
in the first 100 days post-HSCT,22 and HCMV
reactivation has been associated with reduced na€ıve
T-cell recovery and impaired thymopoiesis after
allo-HSCT, perhaps as a consequence of thymic
damage from HCMV infection or GvHD.37 Given the
observation of elevated SCF levels in high-level
HCMV reactivators in this study, further
investigation into the functional relevance and
importance of SCF in HCMV infection after
allo-HSCT is warranted. Assessment of TREC levels (a
marker of recent thymic output38) in parallel
with SCF in allo-HSCT patients who develop
HCMV reactivation would be of interest in future
studies.

Our study also reveals correlation patterns of
soluble mediators with peak viral copy numbers
and PBMC subset frequencies in allo-HSCT
patients with HCMV reactivation. While
correlations do not imply direct relationships,
these findings suggest distinct expression
patterns of cellular and soluble immune factors
are associated with HCMV DNAemia magnitude
in the first 100 d.p.t. A strong relationship
between peak HCMV copy numbers and sIL-2Ra
concentrations at T4 was observed in patients
with reactivation. IL-2Ra (CD25) is predominantly
expressed on the surface of activated T-cells and
Tregs, and increased shedding of surface IL-2Ra
is observed in inflammatory conditions involving
T-cell activation, including viral infections and
GvHD.23,39–43 Also at T4, PDGF-BB levels were
found to negatively correlate with peak HCMV
load. PDGF-BB, a mesenchymal cell mitogen, is
among a suite of proteins associated with
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angiogenesis and wound healing found in the
secretome of HCMV-infected fibroblasts in vitro.33

Interestingly, LR and HR patients exhibited
differing immune cell-cytokine correlation
patterns, which included relationships between cd
T-cell percentages and plasma sIL-2Ra and MIG
concentrations in the HR group, and between
activated (ICOS+HLA-DR+CD38+) CD4+ T-cell counts
and plasma IP-10 concentrations in the LR group.
IP-10 and MIG are both IFN-c-inducible CXCR3
ligands which act as chemoattractants for T-cells
and NK-cells.44,45 While correlations do not imply
direct relationships, these distinct correlations in
LR and HR warrant further investigation to
establish the extent to which these factors
contribute to the control of reactivation, and
whether these immune patterns could be
modulated to achieve favorable immune recovery
outcomes. Further studies using intracellular
cytokine staining and flow or mass cytometry46,47

will be informative in defining the cytokine
expression profiles of specific lymphocyte subsets
at the single-cell level in these samples.

A number of cytokines were excluded from
analysis (e.g. IFN-c and IL-10) because of poor
detectability and/or inter-plate variability in
analyte quantitation within the QC sample. IL-10,
in particular, should be further investigated as
increased IL-10 levels are reported to correlate
with HCMV reactivation and disease post-SOT,41,48

and may function to counterbalance the
inflammatory cytokine profile seen in HR patients.
Strategies applied in the current study to minimise
the potential influences of technical and/or inter-
plate variability included the use of internal
standards, exclusion of analytes with high inter-
assay variation and use of a statistical batch
adjustment method. The probability of all
analytes simultaneously meeting QC specifications
has been noted to be lower in multiplex
assays than in a single-plex assay,49,50 and the
requirement to use a single sample dilution factor
in multiplex assays may contribute to limitations
in detecting analytes present in low
concentrations.

As a subset of HR (6/15), but no LR, patients
also had aGvHD, future studies with larger patient
numbers should compare plasma cytokine profiles
in high-level reactivators with and without
aGvHD, to determine specific signatures associated
with these complications. It should also be
noted that the viraemia threshold used to define
high-level HCMV reactivation varies between

studies.26,51,52 Finally, to minimise the number of
statistical comparisons, we did not compare all
pairs of patient groups (e.g. SN and SP-NR).
Analysis of cytokine/chemokine profiles in allo-
HSCT patients stratified by recipient and donor
HCMV-serostatus53 may also be important to
consider further in future cohorts.

In conclusion, this study shows that high-level
HCMV reactivation in the first 100 days after allo-
HSCT is associated with a marked modulation of
circulating cytokine/chemokine profiles, including
the development of an elevated, Th1-like
inflammatory cytokine profile at the peak of
HCMV DNAemia, which was not seen in low-level
reactivators. Further characterisation of immune
patterns which correlate with the progression of
HCMV reactivation and viral load magnitude may
provide insight into immune recovery profiles and
biomarker pathways which could be targeted to
improve viral control and limit high-level HCMV
reactivation after allo-HSCT.

METHODS

Study subjects

Thirty-six adults undergoing allo-HSCT for haematological
diseases at Westmead Hospital (Sydney, Australia) between
2015 and 2017 were studied. Patients were recruited
sequentially, and plasma specimens prospectively collected
weekly until 100 d.p.t. Patients with at least three plasma
samples available for study were analysed. Patient clinical
characteristics are shown in Table 1. The patients included
were representative of the overall group of patients
enrolled during the study interval. While those who had a
very poor trajectory and early death were not analysed
because of limited sample collection, this was a minority of
patients. GvHD prophylaxis strategy was as per institutional
practice and all patients having transplant for malignant
and non-malignant diseases were eligible for this
observational study. No aspect of the transplant procedure
was mandated by this study. For matched related and
unrelated donors patients received methotrexate
and calcineurin inhibitors and haploidentical donors
received post-transplant cyclophosphamide and calcineurin
inhibitors. The study had ethical approval from the
University of Sydney and Western Sydney Local Health
District ethics committees (2014/440). Written informed
consent was obtained from all participants in accordance
with the Declaration of Helsinki.

Isolation of plasma samples

Peripheral blood collected in ethylenediaminetetraacetic
acid vacutainers was centrifuged at 800 9 g for 5 min at
room temperature (RT). Plasma was removed and
immediately frozen at �80°C in aliquots.
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HCMV DNAemia monitoring and treatment

Patients who were HCMV-seropositive prior to transplant (R+)
and/or had a HCMV-seropositive donor (D+) underwent
weekly plasma HCMV DNAemia surveillance until 100 d.p.t.
using quantitative polymerase chain reaction (qPCR)
(COBAS� AmpliPrep/COBAS� TaqMan� CMV Test; Roche).
The LLQ is 150 HCMV DNA copies mL�1 (1 copy = 0.91
International Units).54 HCMV reactivation was defined as the
detection of HCMV DNA in plasma. Clinically significant
infection was defined as HCMV DNAemia requiring PET.
Patients with HCMV DNAemia were treated with PET using
(val)ganciclovir or foscarnet, initiated as previously
described.22 Pre-emptive therapy was initiated when two
consecutive HCMV DNA qPCR results had increasing copy
numbers, if a single result was > 1000 copies mL�1, or
according to physician discretion if a patient with HCMV
DNAemia was considered at high risk of uncontrolled HCMV
replication. First-line therapy was ganciclovir or
valganciclovir. Foscarnet was used if (val)ganciclovir was
contraindicated. No patient received pre-emptive antiviral
therapy at/or before T2. Of the 16 patients treated with pre-
emptive antiviral therapy, 10/16 patients received pre-emptive
therapy at or before T3, and 16/16 received pre-
emptive therapy by T4. No patient received Letermovir
prophylaxis.

Sample time-points and patient groups

Plasma samples from four time-points per patient (range
three to four samples), where available, were studied with
a multiplex cytokine immunoassay (Supplementary
figure 1). For patients with HCMV reactivation, the time-
points analysed were as follows: T1, before detection of
HCMV reactivation; T2, initial detection of HCMV
DNAemia; T3, peak of HCMV DNAemia; T4, near resolution
of HCMV DNAemia (Figure 1b; Supplementary figure 1;
Supplementary table 4). Samples from equivalent days
relative to transplant were analysed from patients without
HCMV reactivation (Figure 1c). If samples from the specific
timepoints for T2, T3 or T4 were unavailable, the closest
available samples were used (see Supplementary table 4):
for T2, the next available sample following the detection of
HCMV DNAemia was selected; for T3, the most proximate
sample preceding the peak of HCMV DNAemia was
selected. For T4 samples, HCMV DNAemia was undetectable
in 8/15 HR and 6/6 LR patients, had declined to detectable
levels below the lower limit of quantitation (< 150 copies
mL�1) in 4/15 HR patients, or had declined substantially (by
83–98%) from peak levels but was still quantifiable in 3/15
HR patients (Figure 1b).

Patients were retrospectively divided into four analysis
groups: Seronegative (SN), HCMV-seronegative recipients
with seronegative donors (D�/R�); Seropositive non-
reactivators (SP-NR), patients with a HCMV-seropositive
donor (D+) and/or recipient (R+), without detected post-
transplant HCMV DNAemia; LR, who experienced HCMV
DNAemia levels near to or below the LLQ (range 150–244
peak copies mL�1); and HR, who developed clinically
significant infection with high viral loads (range 810–52 740
peak copies mL�1) (Figure 1a; Supplementary figure 5).

Multiplex cytokine assay

Plasma concentrations of 48 analytes were measured using
a multiplex magnetic bead-based sandwich immunoassay
(Bio-Plex ProTM 48-plex Human Cytokine Screening Panel;
BioRad). Plasma samples (n = 138) were assayed in
duplicate, with the mean used for analysis. Four assay kits/
96-well plates from the same manufacturing lot were used.
Each plate included plasma samples from at least two
patient groups and time-points, a 9-point standard curve
series, blank and QC sample from the kit, all in duplicate.

The assay was performed according to the manufacturer’s
protocol. Briefly, plasma samples were thawed onwet ice, pulse
vortexed and centrifuged at 10 000 9 g for 10 min at 4°C. All
samples were used first-thaw. Plasma (30 lL) was extracted
from the middle aqueous layer, avoiding the platelet pellet
(below) or lipid layer (above) if present. Plasma was
equilibrated to RT and diluted fourfold with the provided
sample diluent. Samples (50 lL) were added to coupled
magnetic capture beads in a 96-well flat-bottom plate and
incubated on a horizontal plate shaker at 850 rpm for 30 min at
RT protected from light. After three washes in wash buffer
(using a BioTek 405TM LS microplate washer with magnetic
carrier for allwashes), biotin-labelled detection antibodieswere
added and the plate incubated for 30 min at RT with shaking as
above. After three washes with wash buffer, streptavidin-
phycoerythrin conjugate was added, with shaking for 10 min at
RT protected from light. Finally, after three washes with wash
buffer, beads were resuspended in assay buffer (125 lL) with
shaking for 10 min at RT protected from light. The plate was
read immediately on a Luminex MAGPIX� with xPONENT
software 4.2.1324.0 (Luminex Corp), acquiring a minimum of 50
beads per analyte. MAGPIX� calibration and performance
verification routineswere run prior to reading plates.

Standard curves for each analyte were generated using
five-parameter logistic regression in MILLIPLEX� Analyst 5.1
(Merck, VigeneTech). Curves were generated using the
average MFI (median fluorescence intensity) of standard
duplicates at each dilution, minus the blank.
Standard replicates were excluded if percentage recovery
was outside the 70–130% range. Sample measurements
with a MFI below the blank were assigned a concentration
of 0 pg mL�1. Analyte concentrations below the minimum
detectable concentration (minDC) (Supplementary table 5)
were assigned a value equal to half the minDC.

Data quality control

Intra-assay precision and inter-assay precision were
evaluated for all analytes. Intra-assay %CV calculated from
sample duplicates was < 15% for all analytes (median 3.5%,
range 0.6–14.0%), meeting the representative performance
characteristics of the kit (< 15% intra-assay %CV). Inter-assay
%CV per analyte calculated from the QC sample over the
four plates was median 12.1% (range 2.7–100.1%). To
minimise plate-specific bias in the data set, analytes with an
inter-assay CV ≥ 30%55 (n = 7) and/or those which were not
detected in any plasma sample on ≥ 1 plates (n = 15)
(Supplementary table 1) were excluded from analysis. All
analytes were detected in the QC sample on every plate,
except for vascular endothelial growth factor A (VEGF-A; not
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detected in plates 1 and 4), eotaxin (not detected in plate 4)
and growth-regulated oncogene a (GRO-a; not detected in
plate 1), which were excluded from analysis. The median
intra-assay and inter-assay %CVs of the analytes retained for
analysis (n = 31) were 3.4% and 10.4%, respectively.

The analytes retained for analysis (31/48) were: interferon
(IFN)-a2, IL-1b, IL-2, IL-3, IL-4, IL-6, IL-7, IL-8, IL-9, IL-12 p70,
IL-13, IL-18, monocyte chemoattractant protein (MCP)-1,
macrophage migration inhibitory factor (MIF), TNF-a
(referred to as TNF56), LT-a (TNF-b), leukaemia inhibitory
factor (LIF), CTACK, IP-10, MIG, MIP-1a, MIP-1b, regulated
on activation normal T-cell expressed and secreted
(RANTES), stromal cell-derived factor 1a (SDF-1a), basic
fibroblast growth factor (FGF), HGF, PDGF-BB, SCF, M-CSF,
granulocyte-macrophage colony-stimulating factor (GM-CSF)
and sIL-2Ra. The analytes excluded from analysis were: stem
cell growth factor b (SCGF-b), eotaxin, TNF-related
apoptosis-inducing ligand (TRAIL), MCP-3, granulocyte
colony-stimulating factor (G-CSF), growth-regulated
oncogene (GRO-a), vascular endothelial growth factor A
(VEGF-A), IL-10, IL-15, IL-16, IL-5, IL-17A, IL-12 p40, b nerve
growth factor (b-NGF), IL-1 receptor antagonist (IL-1RA),
IFN-c and IL-1a (see Supplementary table 1).

Batch effect adjustment

To adjust for potential batch effects between the four assay
plates, raw MFI values were log2-transformed and a robust
linear model constructed for each analyte using limma57 in
R/Bioconductor, with plate, timepoint, patient and patient
group as covariates. The fitted plate effect was then
subtracted from the data.

Measurement of immune cell frequencies

PBMC subset frequencies (percentages and absolute counts
9109/L) from matched time-points in 31/36 patients in the
current study (Supplementary figure 6) were measured
previously using mass cytometry.22 For pairwise
cytokine-immune cell Spearman correlations, all time-points
were analysed together and a FDR of 1% (Benjamini,
Krieger and Yekutieli two-stage linear step-up procedure)
employed to identify significant correlations in each patient
group. Cytokine correlations with PBMC percentages (%;
n = 88 subsets) and absolute counts (9109/L; n = 77 subsets)
were analysed separately.

Statistical analysis

Statistical tests were performed in GraphPad Prism v.9.2
(GraphPad Software, LLC) and are indicated in Figure
legends. Median with range is reported in text. Patient
characteristics were summarised using descriptive statistics,
using two-tailed Mann–Whitney U-tests or Fisher’s exact
tests. Correlations were evaluated using two-tailed
Spearman correlations. P < 0.05 was considered significant
for all tests, unless indicated otherwise.

For inter-group and inter-timepoint comparisons, parallel
statistical tests were performed in the primary dataset and
batch-adjusted dataset to identify robust comparisons that
were maintained across both sets of data. Only comparisons

demonstrating significance (P < 0.05) in both data sets were
reported (Supplementary figure 2). Analyte concentrations
between time-point pairs were compared using two-way
mixed-effectsmodelswithGeisser–Greenhouse correction and
Tukey’s multiple comparisons test. Analyte concentrations
between patient groups were compared using two-tailed
Mann–Whitney U-tests. Figures presented are derived from
the primary (non-batch-adjusted) dataset. Comparisons
performed included: R vs. NR, HR vs. LR, HR vs. SP-NR, LR vs.
SP-NR,HR vs. SN. Comparisonsnot studied: LR vs. SN, SN vs. SP-NR.
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