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Dampened Inflammatory Signalling
and Myeloid-Derived Suppressor-
Like Cell Accumulation Reduces
Circulating Monocytic HLA-DR
Density and May Associate With
Malignancy Risk in Long-Term
Renal Transplant Recipients

Matthew J. Bottomley ""?*, Paul N. Harden, Kathryn J. Wood?, Joanna Hester?"
and Fadi Issa®t

7 Oxford Kidney Unit, Churchill Hospital, Oxford University Hospitals NHS Foundation Trust, Oxford, United Kingdom,
2 Transplantation Research and Immunology Group, Nuffield Department of Surgical Sciences, University of
Oxford, Oxford, United Kingdom

Background: Malignancy is a major cause of morbidity and mortality in transplant
recipients. Identification of those at highest risk could facilitate pre-emptive intervention
such as reduction of immunosuppression. Reduced circulating monocytic HLA-DR
density is a marker of immune depression in the general population and associates
with poorer outcome in critical iliness. It has recently been used as a safety marker in
adoptive cell therapy trials in renal transplantation. Despite its potential as a marker of
dampened immune responses, factors that impact upon monocytic HLA-DR density and
the long-term clinical sequelae of this have not been assessed in transplant recipients.

Methods: A cohort study of stable long-term renal transplant recipients was undertaken.
Serial circulating monocytic HLA-DR density and other leucocyte populations were
quantified by flow cytometry. Gene expression of monocytes was performed using the
Nanostring nCounter platform, and 13-plex cytokine bead array used to quantify serum
concentrations. The primary outcome was malignancy development during one-year
follow-up. Risk of malignancy was calculated by univariate and multivariate proportionate
hazards modelling with and without adjustment for competing risks.

Results: Monocytic HLA-DR density was stable in long-term renal transplant recipients
(n=135) and similar to non-immunosuppressed controls (n=29), though was suppressed
in recipients receiving prednisolone. Decreased mHLA-DRd was associated with
accumulation of CD14+CD11b+CD33+HLA-DRIo monocytic myeloid-derived
suppressor-like cells. Pathway analysis revealed downregulation of pathways relating to
cytokine and chemokine signalling in monocytes with low HLA-DR density; however
serum concentrations of major cytokines did not differ between these groups. There was
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an independent increase in malignancy risk during follow-up with decreased HLA-DR

density.

Conclusions: Dampened chemokine and cytokine signalling drives a stable reduction
in monocytic HLA-DR density in long-term transplant recipients and associates with
subsequent malignancy risk. This may function as a novel marker of excess
immunosuppression. Further study is needed to understand the mechanism behind

this association.

Keywords: monocyte, kidney transplantation, immunosuppression, HLA-DR, malignancy, long term, gene

expression, cytokines

1 INTRODUCTION

Malignancy is a leading cause of morbidity and premature
mortality in long-term renal transplant recipients (RTR) (1).
Overall cancer incidence is three times that of the general
population, though certain tumours are significantly
overrepresented, such as cutaneous squamous cell carcinoma
(cSCC), with up to 250-fold excess incidence (2-6). Malignancy
outcomes are poorer in transplant recipients compared to the
general population and increases the subsequent risk of death
with a functioning graft (DWFG) ten-fold, and a 50% chance of
DWEG in the two years following cancer diagnosis, which has
not improved over the last thirty years (7-9).

Monocytes are circulating precursors to macrophages,
myeloid-derived suppressor cells (MDSC) and a subset of
dendritic cells. These bridge innate and adaptive immune
responses, partly through presentation of self and non-self
peptide to CD8" and CD4" T cells on Major Histocompatibility
Complex (MHC) Classes I and 1I, respectively. The most clinically
relevant class II complex in transplantation is Human Leucocyte
Antigen - DR (HLA-DR), which is constitutively expressed on
antigen presenting cells, including monocytes, and is critical for
initiation of T cell alloresponses (10).

Acute pathophysiological downregulation of circulating
monocytic HLA-DR density (mHLA-DRd) has been
demonstrated in a number of critical illnesses, including
polytrauma (11), sepsis (12), major abdominal and cardiac
surgery (13-15), acute pancreatitis (16), and severe COVID-19
infection (17). Reduced mHLA-DRd is associated with impaired
initiation of adaptive immune responses in vitro and has been
associated with poorer outcomes including enhanced risk of
post-operative surgical complications, secondary/nosocomial
infection and increased mortality (12-15, 17). More recently,
peri-operative mHLA-DRd quantification has been used as a
safety measure for both subclinical immunodepression or
immune activation in trials of autologous regulatory cell
infusion following organ transplantation (18-20). mHLA-DRd
is reduced and may predict short-term risk of infection after lung
and liver transplant; this is therefore presumed to represent a
dynamic marker of excess immunosuppression (21-24).
Whether this marker is stable over longer periods and
correlates to long-term risk of complications of excess
immunosuppression is unknown.

Historically HLA-DR density on circulating monocytes was
assessed as a proportion of positive cells or by using intensity of
fluorescent staining — both of which lead to challenges in
standardisation and inconsistency of clinical outcomes.
Subsequently a more reproducible method of HLA-DR
quantification using standard curve generation was described
(25). The data here reports the results of a pre-specified
exploratory analysis undertaken as part of a prospective cohort
study assessing immune phenotype and malignancy risk in long-
term RTR. We investigated the association of clinical and
immunological parameters upon mHLA-DRd, with the
hypothesis that it would be reduced compared to healthy
controls. Furthermore, we assessed the clinical impact of this
reduction, as a potential measure of ‘excess’ immunosuppression,
hypothesizing this would predict increased malignancy risk.

2 MATERIALS AND METHODS

The conduct of the study was reviewed and approved by NHS
Research Ethical Committee (REC) prior to commencement
(reference: 12/WS/0288) and was conducted according to the
principles of the Declaration of Helsinki. Participants provided
written informed consent prior to enrolment.

The study is reported according to ‘strengthening the
reporting of observation studies in epidemiology’ (STROBE)
guidelines (26). A completed checklist is provided in
Supplementary Data.

2.1 Participant Recruitment & Clinical
Data Collection
RTR with stable graft function and without history of malignancy
(other than keratinocyte cancer), human immunodeficiency virus
(HIV) or active, chronic viral hepatitis within the last five years
were recruited during routine transplant outpatient follow-up.
Transplant recipients with at least five years cumulative
immunosuppression were recruited, or a previous history of
¢SCC, in order to identify a high-risk population for outcome
events during follow-up. As this was an exploratory analysis, no a
priori power calculation was undertaken.
Non-immunosuppressed controls were recruited from two
sources: (a) kidney transplant (living) donor follow-up clinic
(n=9) and (b) dermatology clinic, from non-immunosuppressed

Frontiers in Immunology | www.frontiersin.org

July 2022 | Volume 13 | Article 901273


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Bottomley et al.

Monocytic HLA-DR Density in RTR

controls with a recent diagnosis of (fully excised) cutaneous
squamous cell carcinoma (n=20). Living donor controls were
recruited based on their having previously donated a kidney to a
transplant recipient within the study, whilst a convenience sample
of eligible controls from dermatology clinic was recruited over a six
month period. Potential controls were excluded if non-Caucasian,
there was a history of non-keratinocyte malignancy within the last
five years or were receiving systemic immunosuppression. Non-
immunosuppressed SCC controls were felt to represent the closest
match to long-term transplant recipients in terms of malignancy
risk, without an active malignancy at time of sampling. No
difference was seen between the two recruitment sources in terms
of mHLA-DRd (data not shown) and so data is reported as
one group.

A questionnaire was completed at time of recruitment to assess
lifetime sun exposure, family history of malignancy and smoking
history, and skin type was assessed. Chronic ultraviolet radiation
(UVR) exposure was assessed as described previously (3).

Clinical data were collected from medical and transplant
records and pathology databases. Estimated glomerular
filtration rate (eGFR) was calculated using the four-variable
Modified Diet in Renal Disease equation. A subset of
cytomegalovirus (CMV) seropositive participants, chosen at
random, were tested for blood CMV viral load by PCR during
follow-up sampling during the study.

2.2 Flow Cytometry

Venepuncture was undertaken at trough levels of immunosuppression.
Participants were further sampled at first routine outpatient follow-up
after six months and twelve months post-recruitment.

2.2.1 Monocyte HLA-DR Staining & Standard

Curve Generation

Staining was undertaken as per manufacturer’s recommendations
(Becton Dickinson, Wokingham, UK) and as previously published
(25). Briefly, whole blood was stained with antibodies to a non-

polymorphic HLA-DR epitope and ‘anti-Monocyte PerCP-Cy5.5,
followed by erythrocyte lysis and peripheral blood mononuclear cell
(PBMC) fixation. The latter antibody is specific for CD14 (clone
M@P9) but also non-specifically binds CD64 (FcyRI) due to the
affinity of PerCP-Cy5.5 for this receptor, ensuring detection of all
circulating monocytes (27) (Supplementary Figures 1A, B). The
HLA-DR - PE antibody is supplied at >95% 1:1 PE:mAb ratio.
Reconstituted lyophilised ‘Quantibrite’ beads, containing
beads conjugated with one of four pre-specified densities of PE,
were used to generate standard curves of geometric mean
fluorescence intensity (MFI) versus PE molecule number using
linear regression (Supplementary Figure 1B), yielding an
equation in the format y = mx + c. The number of HLA-DR
antibodies bound per cell (HLA-DR binding density, termed
‘HLA-DR density’), assuming 1:1 rato with PE molecules, was
calculated using the standard curve (Supplementary Figure 1B).
All samples were analysed within four hours of venepuncture
and blood was strictly stored on ice in the interim to prevent ex vivo,
artefactual, mHLA-DRd upregulation (Supplementary Figure 1C).

2.2.2 Staining of Other Leucocyte Populations
PBMCs were isolated by density-gradient centrifugation and
stained using a cocktail of antibodies (Supplementary Table 1).
All flow cytometry data were acquired using a Navios flow
cytometer and analyzed using Kaluza version 1.4 (both Beckman
Coulter, Wycombe, UK) and FlowJoX (TreeStar, Inc) as
previously published (28). Monocyte populations were stained
using thawed PBMC according to gating proposed by Marimuthu
et al. (29) to minimize non-monocyte contamination.

Leukocyte counts from simultaneous routine haematology
laboratory testing were used to calculate absolute cell counts.

2.3 Gene Expression of

Enriched Monocytes

CD14" monocytes were enriched from thawed PBMC using
magnetic beads and a negative selection process (Human
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FIGURE 1 | Distribution of HLA-DR binding density in transplant recipients, stratified by gender. The broken line indicates the cut-off for diagnosis of

immunodepression as described in (25).
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Monocyte Enrichment Kit without CD16 Depletion, Stemcell
Technologies, Grenoble, France). Post-enrichment monocyte
purity was assessed by flow cytometry (mean [range] post-
enrichment purity 86.3% [62.8% - 92.9%]).

Total RNA was extracted from enriched monocytes by column-
based isolation (RNEasy Micro Kit, Qiagen, Manchester, United
Kingdom). 25ng RNA was hybridized to fluorescent barcode-
labeled probes from the nCounter Myeloid Innate Immunity V2
Panel (Reference: XT_PGX_HuV2_Myeloid_CSO, Nanostring
Technologies, Seattle, United States) prior to analysis on the
nCounter SPRINT platform (Nanostring, Technologies, Seattle,
United States).

Count data was initially analyzed by ROSALIND (https://
rosalind.bio/), with a HyperScale architecture developed by
ROSALIND, Inc. (San Diego, CA). Normalization, fold
changes and p-values were calculated using criteria provided
by Nanostring, following the nCounter Advanced Analysis
protocol of dividing counts within a lane by the geometric
mean of the normalizer probes from the same lane.
Housekeeping probes to be used for normalization were
selected based on the geNorm algorithm as implemented in
the NormqPCR R library (30). Fold changes and pValues are
calculated using the fast method as described in the nCounter®
Advanced Analysis 2.0 User Manual. P-value adjustment is
performed using the Benjamini-Hochberg method of
estimating false discovery rates (FDR). Downstream analysis
was performed using R 4.1.1 and the ClusterProfiler 4.0.5, fgsea
1.18.0 and gplots 3.1.1 packages.

2.4 Cytokine Bead Array

Cytokines in thawed serum collected at trough immunosuppression
and in parallel with collection of blood for leucocyte profile were
quantified by bead-based immunoassay in a representative subset of
RTR (n=40), using the ‘LegendPLEX Human Essential Immune
Response Panel’ according to manufacturer’s instructions. This
panel simultaneously quantifies 13 cytokines essential for immune
response: IL-4, IL-2, CXCL10 (IP-10), IL-1B, TNF-c, CCL2 (MCP-
1), IL-17A, IL-6, IL-10, IEN-y, IL-12p70, CXCL8 (IL-8), and Free
Active TGF-B1. Results below the limit of detection were accounted
for in two ways; firstly analysis was performed with an imputed
value 0.1pg/mL below the limit of detection. Analysis was then
repeated with exclusion of these samples (the second approach did
not change the significance of results and thus is not reported).

2.5 Statistical Tests
The primary clinical outcome of the study was time from
enrolment to first diagnosis of malignancy during follow-up.
Diagnoses of cutaneous malignancy were made histologically by
trained dermatopathologists: where diagnostic uncertainty was
present, the pathologist’s decision was considered final. If the
histologist was unable to provide a favoured diagnosis, a non-
diagnosis of SCC was presumed. SCC arising within scar tissue or
clinically described as recurrence was excluded. Patients were
censored at time of date of last follow-up, date of death/graft loss
or 365 days, whichever occurred first.

Analyses were performed on Graphpad Prism for Windows 9
(Graphpad Software Inc., San Diego, CA), IBM SPSS 27 and R

4.1.1. Continuous variables are shown as mean + standard
deviation (SD) unless specified otherwise., Hazard and odds
ratios are reported as ratio (95% confidence interval).
Categorical variables are reported as number (percentage of
group). For continuous variables, comparison between groups
was performed using non-paired two-tailed t-test (two groups)
or analysis of variance with post-hoc testing when initial testing
was significant (multiple groups) unless specified otherwise.
Correlations were tested using Spearman’s test, which is more
appropriate for non-parametric data.

Change in mHLA-DRd over time and with malignancy
development during follow-up was assessed by mixed-effects
modelling. Receiver-operator characteristic (ROC) curves were
generated using the pROC 1.18.0 package. Hazard ratios (HR) for
cancer development during follow-up were generated by creating
two models using the cmprisk and finalfit packages. Firstly, Cox
proportional hazards modelling was used to create univariable and
multivariable models. Secondly, competing-risks survival regression,
based on Fine and Gray’s proportional subhazards model, was
undertaken to model for competing risk (graft loss and death).
Multivariate regression was undertaken using simultaneous entry
into the model, using variables identified as significant
upon univariate analysis alongside mHLA-DRd tertile and
prednisolone use.

Throughout the study, a P value of less than 0.05 was
considered statistically significant. Additional supporting
information may be found online in the Supporting
Information section at the end of the article.

3 RESULTS

137 RTR with stable transplant function and no history of recent
non-keratinocyte malignancy were recruited, of which 135 had
HLA-DR binding density assessed (method demonstrated in
Supplementary Figure 1). Only those with mHLA-DRd
quantification were included in subsequent analyses. All non-
immunosuppressed controls (n=29) had HLA-DR binding
density assessed.

3.1 Cohort Demographics

The demographics of the cohort are summarised in Table 1. Most
participants had a cumulative immunosuppression duration of over
twenty years, received no induction therapy at time of transplant and
were receiving calcineurin inhibitor-based immunosuppression. The
majority were on dual immunosuppression. Non-
immunosuppressed controls were around a decade older and had
better renal function. Amongst transplant recipients, renal function
was stable throughout follow-up.

3.2 mHLA-DRd Is Reduced in Transplant
Recipients Taking Corticosteroids,
Compared to Non-Immunosuppressed
Controls

mHLA-DRd was approximately normally distributed with a
degree of positive skew across the transplant cohort; the vast
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TABLE 1 | Cohort characteristics at recruitment.

Characteristic

Male gender
Caucasian ethnicity
Age (years)
>1 renal transplant
Body mass index (kg/m?)
Previous or current smoker
Cytomegalovirus (CMV) seropositive
Total HLA mismatch
Total duration of immunosuppression (months)
Time since most recent transplant (months)
eGFR at recruitment (mL/min/1.73m?)
eGFR at study end (mL/min/1.73m?)
Induction therapy at most recent transplant
None
Thymoglobulin
Alemtuzumab
Basiliximab
Immunosuppression use at recruitment
Calcineurin inhibitor
Azathioprine
Mycophenolate mofetil
Prednisolone
Sirolimus
Number of immunosuppressive agents at recruitment
1
2
3
History of previous non-keratinocyte malignancy
History of previous SCC

Transplant Recipients (n = 135)

Controls (n=29)

92 (68.1) 16 (55.2)
131 (97.0) 29 (100)
62.6 +10.8 749 +89
25 (18.5) NA
25.8 + 4.7 NA
52 (38.5) NA
86 (63.7) NA
2615 NA
244 + 102 NA
223 + 99 NA

48.8 + 19.1 70.0 + 19.1

483 +20.8 N/A
99 (73.3) NA

7(5.2)
10 (7.4)
19 (14.1)

107 (79.9) NA

89 (65.9)

22 (16.3)

46 (34.1)

13 (9.6)

17 (12.4) NA
98 (71.5)

22 (16.1)

16 (11.9) NA
59 (43.7) 20 (68.9)

Categorical values are provided as n (%) whilst continuous variables are reported as mean + SD. ‘NA’ not assessed/applicable. Data was available for all participants.

majority of RTR demonstrated mHLA-DRd within the range
published for healthy controls, without difference between sex
(>15000 antibodies (Ab)/cell, Figure 1) (25). Two participants
demonstrated mHLA-DRd within the previously defined
immunodepressed range (25) (8000-15000 Ab/cell) and none
within the immunoparesis range (<8000 Ab/cell). Mean mHLA-
DRd was reduced by nearly 20% in the transplant recipients
compared to the non-immunosuppressed control population
(40226 + 2503 vs 32570 + 1084 Ab/cell, p=0.004).

We next asked what factors at recruitment might influence
mHLA-DRd in otherwise stable transplant recipients (Figure 2 and
Table 2). On univariate analysis after removal of outliers (n=3), no
major demographic factor was associated with mHLA-DRd.
Notably, there was a significant reduction in mHLA-DRd in RTR
receiving corticosteroid therapy and a stepwise and significant
decrease in mHLA-DRd by number of agents taken, though this
reached significance only between RTR receiving monotherapy and
triple therapy on post-hoc testing; notably amongst those on
monotherapy, none were receiving steroids (9 (53%) were
receiving a calcineurin inhibitor, 6 (35%) sirolimus and 2 (12%)
azathioprine monotherapy). RTR on dual and triple therapy
exhibited significantly lower mHLA-DRd compared to non-
immunosuppressed controls. Comparing induction regimens,
there was a trend towards increased mHLA-DRd in patients who
received alemtuzumab induction compared with those receiving no
or basiliximab-based induction. The opposite was seen in those who
received thymoglobulin based induction. However, this also

appeared to correspond to prednisolone use: 43% of those who
received thymoglobulin, compared with none who received
alemtuzumab, were taking prednisolone. There was no correlation
between mHLA-DRd at recruitment and subsequent evolution of
renal function (Table 2).

Due to the potential for overlapping and conflicting influence
of immunomodulatory agents, we undertook a multivariate
regression analysis incorporating induction therapy, use of
sirolimus or prednisolone at recruitment and number of
immunosuppressive agents at recruitment as covariates. Age at
recruitment was also included as a pre-specified variable, as
immune ageing can lead to chronic innate immune activation
and has recently been found to associate with alterations in
monocyte function in renal transplant recipients.’"*>

This model demonstrated that prednisolone use at
recruitment independently predicted a reduction in mHLA-
DRd (Beta = -0.30, t (126) = -2.86, p=0.005) with a trend
towards the opposite in RTR taking sirolimus at recruitment
(Beta = 0.16, t(126) = 1.89, p=0.06). It should be noted that the
magnitudes of these effects were relatively small. Induction agent
and number of immunosuppressive agents taken did not remain
predictive after adjustment (Supplementary Table 2).

There was no clear dose-response relationship with regard to
corticosteroid therapy — whilst all RTR taking prednisolone
demonstrated reduced mHLA-DRd compared to those not
taking it, this did not appear to correlate with weight-adjusted
dose taken (Supplementary Figure 2).
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FIGURE 2 | Forest plot of discrete variables at recruitment and their
univariable influence upon mHLA-DRd in renal transplant recipients. Densities
are recorded as mean and 95% confidence interval, with p values assessed
by two-tailed independent t-test or analysis of variance with post-hoc Tukey
testing. ‘ns’ not significant; * p<0.05; **p<0.01; **p<0.001 across all groups
(ANOVA or t-test, indicated on right, with post-hoc testing, where
appropriate, indicated on left with the vertical line indicating comparison
groups). *p<0.10.

3.3 mHLA-DRd Remains Stable

During Follow-Up

We next assessed the medium-term stability of mHLA-DRd.
RTR were re-assessed after an interval of a median (IQR) of 238
(196 - 250, n=116) and 385 (264 - 434, n=91) days. Repeat
mHLA-DRd exhibited a stable moderate to strong correlation
compared to enrolment values (Figure 3) and did not
demonstrate a significant shift from baseline values over study
follow-up (F(1.86, 189.1) = 0.43, p=0.64). 11 participants had a
reduction in the dose of one or more of their immunosuppressive
agents during the study follow-up period with mHLA-DRd

TABLE 2 | Univariate analysis of continuous variables and their association with
mHLA-DRd in renal transplant recipients.

Factor Univariate P
Correlation

Age -0.02 0.80
Body Mass Index -0.02 0.85
Total Immunosuppression Duration -0.08 0.39
Time since last transplant -0.10 0.26
Total HLA mismatch -0.08 0.38
eGFR at recruitment 0.07 0.42
% eGFR change from recruitment to study end 0.08 0.39
Serum C-reactive protein within 14 days of recruitment -0.21 0.14

Spearman’s correlation is reported (r) and significance of correlation.

quantified before and after; no significant change between
these two timepoints was seen (data not shown).

3.4 mHLA-DRd Is Independent of
Costimulatory Receptor Density and
Correlates With the Accumulation of
Monocytes With an MDSC-Like Phenotype
We next assessed correlation between mHLA-DRd and
lymphocyte and monocyte populations.

The total monocyte number in transplant recipients
demonstrated no correlation with mHLA-DRd (r -0.11, p 0.20).
Similarly, no correlation was found with total lymphocyte count or
with major T cell subsets (r <0.2 for all populations studied,
Supplementary Figure 3). Specifically, we previously reported an
increased risk of cutaneous malignancy in transplant recipients
exhibiting evidence of T cell immunosenescence (28) - no
correlation was seen between mHLA-DRd and phenotypic
markers of this. In those not taking azathioprine, which has a
marked effect upon B and NK cell populations (28), no correlation
was seen with overall number or subpopulation proportion
(Supplementary Figure 3).

A subset of patients (n=14) at the extremes of mHLA-DRd
underwent more detailed characterization of the monocyte
compartment on thawed PBMC (Figure 4A). mHLA-DRd
showed weak and no correlation with overall expression of the
costimulatory receptors CD86 and CD80 upon monocytes
respectively (Supplementary Figure 4A). Decreasing mHLA-DRd
was trended towards anassociation with an increased proportion of
CD14"CD16" dlassical and reduced non-classical CD14°CD16"
and intermediate monocyte subsets (Supplementary Figure 4B).
However, mnHLA-DRd correlated strongly with the accumulation of
CD19°CD3 CD56 CD14"™CD11b*CD33 "HLA-DR myeloid-
derived suppressor cell-like monocytes (mMDSC-like), both in
terms of calculated absolute number and proportion of the total
monocyte gate (Figures 4B, C). Goodness-of-fit (r”) testing
suggested mMDSC-like cell accumulation explained around a
third to a half of mHLA-DRd variation at a univariate level.
There was no difference between monocyte populations when
stratified by corticosteroid use (Supplementary Figure 4C).

3.5 Reduced mHLA-DRd Is Associated
With Dampening of Inflammatory
Signalling Pathways in the Absence

of Major Changes in Circulatory

Cytokine Concentration

In order to assess what transcriptomic pathways might be driving
the changes in mHLA-DRd across the monocyte population, total
RNA from enriched monocytes from RTR with high and low levels
of mHLA-DRd, matched for age and prednisolone use, was
analysed using the nCounter ‘Human Myeloid Innate Immunity’
panel. This panel includes 770 genes in 19 different pathways
and processes related to myeloid cell function. The details of
participants included in this analysis are given in Supplementary
Table 3. The enrichment process did not influence HLA-DR surface
expression, with HLA-DR expression remaining strongly correlated
(Supplementary Figure 5A).
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Surprisingly, unsupervised principle component analysis of
did not suggest major transcriptomic differences at a whole panel
level, based on post-sort monocyte purity, prednisolone use or
mHLA-DRd (Supplementary Figure 5B). Similarly, differential
expression analysis revealed no major changes in gene expression
based on mHLA-DRd when adjusted for multiple testing, though
a number were differentially expressed on unadjusted testing
(Supplementary Figure 5C). A subset of genes associated with
mMDSC were assessed specifically (31); these did not cluster
based on mHLA-DRd (Supplementary Figure 5D).

To assess for smaller but coordinated perturbations within
pathways not visible upon differential expression analysis, gene
set enrichment analysis was performed using the Gene Ontology
molecular functions and biological processes knowledge bases
(32). This revealed suppression of gene sets relating to
inflammation, cytokine and chemokine signalling and
chemotaxis and cellular locomotion in monocytes with low
mHLA-DRd (Figure 5A and Supplementary Table 4); upon
interrogation of these sets, widespread downregulation of Toll-
like receptor, chemokine and cytokine ligand and receptor
expression, as well as their downstream mediators, was noted
(Figure 5B). This was most marked for ILIA and ILIB
expression, which was downregulated, whilst CXCLI0
expression was significantly upregulated.

Given the suppression of gene sets relating to inflammation
and cytokine signalling in monocytes with low mHLA-DRd, we
questioned whether this was indicative of evidence of reduced
systemic inflammation. Serum c-reactive protein (CRP) and 13
cytokines were assessed. In those with a serum C-reactive protein
(CRP) measurement within 14 days of sampling (n=53, where 45
were taken simultaneously with immune profiling), there was no
correlation between CRP concentration and mHLA-DRd (data
not shown). Similarly, whilst all cytokines demonstrated strong
correlation with each other, none demonstrated significant
correlation with mHLA-DRd (Supplementary Figure 6A).
There was no difference in the serum concentration of any
cytokine when stratified by prednisolone use (data not shown).
Notably, serum IL-18 and CXCL10 concentrations did not
correlate significantly with mHLA-DRd (Supplementary
Figures 6B, C). Finally, we asked whether monocytic expression
of IL1B and CXCLI10 reflected serum levels of these cytokines: no
correlation was seen with IL-13 but a strong correlation was seen
with CXCL10 concentration (Supplementary Figure 6D).

Taken together, the above results suggest that decreased mHLA-
DRd is associated with dampened inflammatory signalling and
reduced chemotactic potential within the circulating monocyte
pool, in the absence of a discernable change in serum cytokines
and markers of systemic inflammation. Further, circulating
monocytic production of CXCL10 appears to be a major
contributor to serum concentration of this chemokine.

3.6 Reduced mHLA-DRd Associates With
Increased Subsequent Malignancy Risk
Given literature suggesting mHLA-DRd may be a biomarker of
‘over-immunosuppression’ and the above data suggesting
accumulation of MDSC-like cells and reduced inflammatory
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FIGURE 5 | Monocytes from RTR with low mHLA-DRd exhibit suppression of
gene sets relating to inflammatory response and chemotaxis. (A) Pathways with
significantly altered enrichment in RTR exhibiting low mHLA-DRd, using the
Gene Ontology knowledge base. Pathways are listed in order of descending
GeneRatio. (B) Differential expression of core genes in ‘Chemokine receptor
binding” and ‘Inflammatory response’ Gene Ontology sets.

and chemotactic response in monocytes from RTR with low
mHLA-DRd, we hypothesised that chronic reduction of mHLA-
DRd would associate with other complications associated with
immunosuppression, namely malignancy. Outcomes in the first
365 days after sampling were analysed, i.e. during the period
where mHLA-DRd stability had been demonstrated. During this
period, three participants were lost to follow-up (one loss to
follow-up, one each due to death and graft loss). 28 RTR (21%)
developed malignancy, of which 25 represented cutaneous SCC
as the first malignancy during follow-up. The mean + SD time to
malignancy diagnosis after recruitment was 190 + 114 days.
Patients who developed malignancy during follow-up trended
towards lower mHLA-DRd on serial sampling than those who
did not, though there was significant overlap (F (1, 133) = 2.06,
P = 0.15, Supplementary Figures 7A, B), but no obvious
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difference was seen in absolute number or proportion of mMDSC-
like cells in the subset selected for further phenotyping
(Supplementary Figures 7C, D). A receiver-operator
characteristic (ROC) curve was generated which suggested a cut-
off of 29912 would generate an area under the curve (AUC) of
0.635, representing a sensitivity of 0.58 and specificity of 0.68 for
malignancy development within the following year (Figure 6A).
Univariable analysis confirmed those with a mHLA-DRd below
this cut-off were at double the risk of subsequent malignancy
during the following year (Figure 6B and Table 3). This
propensity remained significant upon multivariable adjustment
and upon correcting for the competing risk of death or graft
loss (Table 3).

To assess for other features of ‘overimmunosuppression’,
subclinical CMV reactivation was assessed during follow-up in a
subset of RTR who were seropositive at enrolment. 47 were
assessed, representing 53% of seropositive recipients: the viral
load was below the limit of reliable detection in all but one. The
final patient had a detectable CMV viral load (2.3 x 10 copies/mL)
during their final inpatient stay, a few days before death (which
was unrelated to CMV disease).

4 DISCUSSION

Malignancy is a major contributor to patient morbidity and
mortality, which remains relatively unchanged over the last
thirty years (9). Greater understanding of the mechanism
which predispose to cancer development are sorely needed, to
facilitate studies into targeted intervention. Based on data from
short-term outcomes in lung and liver transplantation, with
renewed interest in mHLA-DRd driven by trials of cell
therapy, we investigated the mechanisms and consequences of
reduced mHLA-DRd in long-term transplant outcomes. The use
of a long-term population at high risk of malignancy
development, by virtue of their cumulative immunosuppressive
burden or previous keratinocyte malignancy, enriched our study
population for the outcome of interest (namely cancer), allowing
easier study of contributory factors.

We found that mHLA-DRd is a distinct immunological
parameter, demonstrating stability over a twelve month period,
that does not correlate with clinically utilised inflammatory
markers, major circulating cytokines, or circulating lymphocytes,
but appears to reflect accumulation of CD14"CD11b*CD33"HLA-
DR" cells within the monocyte compartment. Monocytic
myeloid-derived suppressor cells (mMDSC) are a heterogenous
population and a definitive marker is yet to be described (31, 33),
but cells with this phenotype have been previously demonstrated
to suppress T and NK cell proliferation in vitro through a number
of mechanisms, including induction of regulatory T cells,
metabolite depletion, and secretion of reactive oxygen species
(ROS) and nitric oxide (NO) (34, 35). Recent work in mice
comparing MSDC populations and transcriptional pathways in
the setting of chronic viral infection or malignancy suggests
different mechanisms may predominate depending on the
context of the stimulus (36). It has been suggested that cells
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FIGURE 6 | Decreased mHLA-DRd is associated with subsequent
malignancy development. (A) Receiver-operator characteristic (ROC) curve for
prediction of malignancy in the year following mHLA-DRd quantification.
Predictive performance is given [area under curve (AUC) and 95% confidence
interval] as well as the optimal cut-off and corresponding sensitivity and
specificity. (B) Kaplan-Meier curve demonstrating cumulative incidence of
malignancy stratified by mHLA-DRd. (unadjusted and adjusted hazard ratios
and P values are given in Table 3; log-rank test for difference between curves
is provided in-plot).

with a MDSC phenotype but where suppressive function has
not been demonstrated should be termed (monocytic) ‘myeloid
derived suppressor-like cells’ ((m)MDS-LC) (31).

When we investigated transcriptomic changes that underlie
the reduction in mHLA-DRd, we did not find any significantly
differentially expressed genes after correction for multiple
testing. There are a number of potential explanations for this:
the first is that this was an assessment of the whole monocyte
compartment and thus bulk RNA analysis may miss subtle
changes within one subset (i.e. accumulation of mMDS-LC, as
evidenced by a lack of clustering of MDSC-related genes).
Secondly, the rapid upregulation of mHLA-DRd ex vivo when
stored at room temperature (Supplementary Figure S1) suggests
that pathways that control mHLA-DRd in non-suppressive
monocyte populations may be regulated at the post-
transcriptomic level. The use of gene set enrichment analysis
allows for interrogation and identification of pathways that may
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TABLE 3 | Hazard ratios for malignancy development within one year of mHLA-DRd quantification.

1 year cancer risk

Disease specific (CPH) Competing Risk

Dependent: All HR (Univariate) HR (Multivariate) HR (Fine + Gray
Multivariate)
Age at enrolment (years) Mean 62.6 (10.8) 1.08 (1.04-1.12, p<0.001) 1.07 (1.03-1.12, p<0.001) 1.07 (1.04-1.11, p<0.001)
(SD)
Cumulative duration of immunosuppression Mean 244.0 1.00 (1.00-1.00, p=0.918)  1.00 (0.99-1.00, p=0.434) 1.00 (0.99-1.00, p=0.400)
(months) (SD) (108.2)
Previous malignancy at enrolment No 119 (88.1)
Yes 16 (11.9)  0.55(0.13-2.31, p=0.414) 1.31 (0.29-5.88, p=0.721) 1.33 (0.39-4.51, p=0.650)
Taking prednisolone at recruitment No 89 (65.9)
Yes 46 (34.1)  0.73(0.32-1.65, p=0.445) 0.37 (0.15-0.89, p=0.027) 0.37 (0.16-0.84, p=0.018)
Chronic UV exposure at enrolment No 54 (40.0)
Yes 81(60.0)  2.57 (1.04-6.35, p=0.040) 2.19 (0.88-5.47, p=0.092) 2.27 (0.86-5.94, p=0.096)
Previous SCC No 77 (57.0)
Yes 58 (43.0) 4.80 (2.04-11.31, 4.86 (1.95-12.07, 4.84 (1.70-13.81, p=0.003)
p<0.001) p=0.001)
Enrolment mHLA-DRd Low 65 (48.1)
High 70 (51.9)  0.41(0.18-0.90, p=0.027) 0.29 (0.12-0.69, p=0.005) 0.29 (0.12-0.70, p=0.006)

All factors analysed for univariate significant were included in multivariate models as a pre-specified analysis. Age at recruitment and age at last transplant demonstrated strong correlation,
as did number of immunosuppressive agents and the use of prednisolone at recruitment, and so only age and use of prednisolone at recruitment were used in the multivariate models. Two
models were generated: one using Cox Proportionate Hazards modelling and a second using competing-risk modelling, using graft loss and death as competing risks.

be involved in this process without assumption about the
magnitude of change or use of pre-defined limits. Interrogating
the Gene Ontology knowledgebase revealed that monocytes from
RTR with low mHLA-DRd exhibited evidence of dampened
chemokine and cytokine signalling and chemotaxis. Our data
may provide a second, more subtle, mechanism by which
reduced mHLA-DRd is associated with poorer outcomes in a
number of clinical scenarios, due to dampened responses to
cytokine and chemotactic signals leading to altered trafficking of
monocytes to the periphery. The lack of correlation with
circulating cytokines and CRP suggests that the dampened
responses are not associated with a systemic reduction in
inflammatory mediators. Whether similar transcriptomic
changes are found in non-immunosuppressed cohorts remains
to be seen.

In contrast to the general trend described above, CXCL10
expression appeared to be upregulated in monocytes from RTR
with reduced mHLA-DRd, and demonstrated strong correlation
with serum concentration, though serum concentration did not
directly correlate with mHLA-DRd. From this, we conclude that
circulating monocytes are a major contributor to serum CXCL10
levels. CXCL10 (IP10) is an interferon-gamma inducible
cytokine that acts as a T cell chemoattractant. The receptor
for CXCL10, CXCR3, has a pleiotropic role across cancer
models and has been variously associated with recruitment of
effector and suppressive/regulatory T cell populations (37).
There is conflicting data regarding the effect of CXCL10
independent of its role as a chemoattractant. In murine models
of adenocarcinoma, glioma and melanoma, intratumoural
CXCL10 injection is associated with impaired growth and
metastasis (38). Conversely, CXCL10 signalling via CXCR3
isoforms overexpressed upon transformed cells is implicated in
the growth, invasion and metastasis of several tumour types (38,
39). It has been therefore suggested that the biological effect of
CXCL10-mediated signalling varies depending on whether the

receptor is expressed upon the tumour itself or the
microenvironment (40). CXCL10 is constitutively expressed by
transformed keratinocytes within cutaneous SCC, which
represented a significant proportion of malignancy in our
study (41); the role of CXCR3 and its ligands in cutaneous
SCC has not been clearly defined, with conflicting results in
animal models (42). Keratinocytes derived from basal cell
carcinoma express CXCR3 and proliferate in response to
signalling through this pathway (43). Notably, lower serum
levels are associated with improved prognosis and response to
radiotherapy in upper gastrointestinal squamous cell carcinoma
(40, 44).

The effect of corticosteroids upon mHLA-DRd was notable.
The suppression of mHLA-DRd was not due to accumulation of
MDS-LC, as no major differences were seen in subpopulations
upon stratification. The effect of prednisolone on mHLA-DRd is
consistent with other reports but, in contrast to these, we did not
see a major difference in monocyte subpopulations (particularly
CD14"CD16°, where many MDS-LC are found) (22, 45). It
should be remarked that the majority of our cohort were on a
relatively small daily dose of prednisolone and this might explain
the discrepancy in findings. It is likely that corticosteroids
dampen inflammatory response pathways, leading to decreased
mHLA-DRd, independent of the effect upon monocyte
populations or circulating markers of inflammation. Our
findings raise the question of whether similar changes,
including the impact of steroids upon mHLA-DRd, are found
in other populations taking corticosteroids as monotherapy, such
as those with autoimmune disease.

Given the association with accumulation of mMDS-LC and
evidence of reduced inflammatory response, we sought to assess
whether reduced mHLA-DRd was associated with poorer medium-
term outcomes; namely increased risk of subsequent malignancy,
even though the vast majority of RTR demonstrated mHLA-DRd
within the previously cited ‘normal’ range (25). The monocyte-
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macrophage axis plays a complex role in cancer development, with
evidence of both pro- and anti-tumour functions (46, 47).
Circulating m-MDSC accumulate early after renal transplant and
may identify RTR at risk of early post-transplant cancer (48, 49). m-
MDSC numbers were highly variable during the early post-
transplant period and whether predictive value remained beyond
this timeframe is unclear. m-MDSC expansion may also promote
regulatory T cell (Treg) expansion in vitro and in animal models
(48); notably we did not observe a correlation between circulating
Treg and reduced mHLA-DRd, though this does not preclude
peripheral expansion of Treg. Cutaneous SCC was the most
common cancer seen during follow-up and it is noteworthy that
mMDSC are implicated both in the mutagenesis and progression of
¢SCC. mMDSC are induced by some strains of beta-genus human
papillomavirus, the presence of which has been controversially
linked to cutaneous SCC development (46, 50, 51). In mouse
model of UV radiation and HPV oncogene-induced cSCC,
Ly6C™ monocytes infiltrate and accumulate at the site of UV
radiation injury and are essential for carcinogenesis (52); however
in this model the mechanism appears to be through their pro-
inflammatory effects. The Th2-polarised cytokine state seen within
cutaneous SCC from transplant recipients may lead to mMDSC
induction and reduced circulating mHLA-DRd (46, 53). The
potential use of mHLA-DRd as a marker of mMDSC
accumulation is appealing in that standard curve generation and
the simplicity of gating is likely to be more reproducible in multi-
centre studies and in clinical practice (25). How the changes in
circulating monocyte phenotype relates to changes in peripheral
monocyte behaviour are a focus of ongoing study. Infection is
another major cause of morbidity and mortality in long-term
transplant recipients and is also, in part, related to intensity of
immunosuppression. Increased risk of infection might also,
therefore, be considered a phenotype of overimmunosuppression.
Whilst infection-related outcomes were not the focus of this study,
we did look for evidence of subclinical CMV reactivation as an
indirect marker of excess immunosuppression. CMV was
undetectable in almost all samples, but it should be borne in
mind that overt, clinically apparent, CMV reactivation is unusual
after the first year post-transplant (54). Indirectly supporting our
findings, a previous study of renal transplant recipients found the
proportion of HLA-DR positive monocytes two weeks post-
transplant was not predictive of subsequent CMV infection (21),
though studies in the early post-lung and liver transplant period
have suggested reduced mHLA-DRd may predict risk of bacterial
infection (22, 23). Whether reduced mHLA-DRd is associated with
increased risk of bacterial infection in long-term transplant cohorts
is unknown. Whilst this study provides important insight into the
clinical factors and mechanisms that drive mHLA-DRd and the
clinical sequelae of reductions in this, there were some limitations.
Survivor bias of long-term RTR at recruitment may diminish the
apparent association between mHLA-DRd and malignancy.
Secondly, cutaneous squamous cell carcinoma was the main
malignancy type in this study, reflecting its frequency amongst
long-term, Caucasian RTR (2). Whether reduced mHLA-DRd
predicts other malignancy in other transplant cohort, including
other ethnic populations or in other settings where

immunosuppression is used, such as autoimmunity, is unclear
and external validation of our findings will be required. The same
is true of our transcriptomic analysis, which was limited to
transplant recipients in this study. Due to the exploratory nature
of this study, no a priori power calculation was performed and this
leaves a possibility of a type I error; however our data would be
consistent with, though an extrapolation of, findings demonstrating
an impaired immune response with diminished mHLA-DRd in
multiple other settings. Finally, only a small subset of our cohort had
a change in their immunosuppressive therapy during study follow-
up, and these changes were highly heterogeneous; therefore the
extent to which mHLA-DRd is dynamic as a response to changes in
immunosuppression is unclear.

In conclusion, we report that reduced mHLA-DRd is a
distinct immunological marker that reflects the accumulation
of mMDSC-like cells within the monocyte population and
dampening of pathways relating to inflammation, cytokine
signalling and chemotaxis. This is clinically relevant in that it
is associated with the subsequent development of malignancy.
Our findings will drive further study into the mechanisms
underlying this association with cancer development, which
may reveal novel avenues for therapeutic manipulation.
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