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Abstract
Background:

Glucose-sensor-induced tissue reactions (e.g., inflammation and wound healing) are known to negatively impact
sensor function in vivo. The roles of cytokine networks in controlling these tissue reactions (i.e., sensor biofouling)
is not understood. In the present study, we investigated the role of interleukin-1 receptor antagonist (IL-1Ra),
a key anti-inflammatory antagonist of the proinflammatory interleukin-1 cytokines [i.e. interleukin-1 (IL-1)
alpha and IL-1 beta] in controlling continuous glucose monitoring (CGM).

Methods:

To investigate the role of IL-1Ra in long-term CGM in vivo, we compared CGM in transgenic mice that
overexpress IL-1Ra [interleukin-1 receptor antagonist overexpresser (IL-1Ra~OE), B6.Cg-Tg(IL1rn)1Dih/J] or are
deficient in IL-1Ra [interleukin-1 receptor antagonist knockout (IL-1Ra~KO), B6.129S-IL1rntm1Dih/J] with mice that
have normal levels of IL-1Ra (C57BL/6) over a 28-day time period.

Results:

Mean absolute relative difference (MARD) analysis of CGM results among the mice of varying IL-1Ra levels
demonstrated that during the first 21 days, IL-1~KO mice had the greatest tissue inflammation and the poorest
sensor performance (i.e., higher MARD values) when compared with normal or IL-1Ra~OE mice. By 28 days
post-sensor implantation, the inflammatory reactions had subsided and were replaced by varying degrees of
fibrosis.

Conclusions:

These data support our hypothesis on the importance of the IL-1 family of agonists and antagonists in controlling
tissue reactions and sensor function in vivo. These data also suggest that local delivery of IL-1Ra genes or
recombinant proteins (anakinra) or other IL-1 antagonists such as antibodies or soluble IL-1 receptors would
suppress sensor-induced tissue reactions and likely enhance glucose sensor function by inhibiting inflammation
and wound healing at sensor implantation sites.
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Introduction

I

t is generally believed that loss of glucose sensor function in vivo is caused by sensor-induced tissue reactions,
including inflammation and wound healing (i.e., fibrosis), which is also accepted to induce sensor biofouling. It is known
that cytokine and growth factor networks are central to controlling inflammation and wound healing (e.g., fibrosis
and neovascularization) in a wide variety of diseases and tissue injuries.1,2 Consequently, it is likely that cytokine/
growth factor networks play a major role in controlling inflammation, wound healing, and therefore sensor biofouling
at sites of in vivo glucose sensor implantation. One of the major cytokine families involved in controlling inflammation
and wound healing is the interleukin-1 (IL-1) family. The major IL-1 proinflammatory cytokines interleukin-1 alpha (IL-1a)
and interleukin-1 beta (IL-1B) are powerful proinflammatory cytokines. Effective regulation of IL-1a and IL-1B in vivo
is critical to preventing uncontrolled inflammation, tissue destruction, and fibrosis associated with acute and chronic
inflammatory processes, including foreign body reactions. Crucial to controlling IL-1a and IL-1B mediated inflammation
is the naturally occurring IL-1 antagonist, interleukin-1 receptor antagonist (IL-1Ra),3,4 a competitive antagonist that
competes with IL-1a and IL-1B for binding to the IL-1 receptors and prevents IL-1 activation of both leukocytes and
tissue cells.5–11 A recombinant version of IL-1Ra, designated anakinra, has been used to treat inflammation associated
with rheumatoid arthritis.4 Additionally, there are a number of ongoing clinical trials that are utilizing not only
anakinra, but also a soluble IL-1 decoy receptor (rilonacept) as well as neutralizing antibodies to IL-1B (canakinumab),
IL-1a, and IL-1 receptors to treat variety of other diseases, including diabetes.4 We hypothesized that proinflammatory
cytokines such as IL-1a and IL-1B and their antagonist IL-1Ra play central roles in controlling inflammation and wound
healing at sites of glucose sensor implantation and thereby control glucose sensor biofouling. We further hypothesize
that at sites of glucose sensor implantation, both tissue-cell- and leukocyte-derived IL-1a and IL-1B are key sources for
IL-1 expression both acutely and chronically. Specifically, we hypothesize that the initial sensor implantation trauma
triggers release of IL-1a from dead and dying tissue cells, which initiates acute inflammation, including leukocyte
recruitment (Figure 1). These recruited leukocytes induce additional cell (i.e., tissue cells and leukocytes) and tissue
destruction, resulting in further release of IL-1a and IL-B.
This additional release of IL-1 proinflammatory cytokines
not only amplifies acute inflammation, but also drives
chronic inflammation (Figure 1). Alternatively IL-1
antagonists such as IL-Ra can inhibit the IL-1-induced
tissue reaction at several steps in the process (Figure 1).
To begin to probe this hypothesis, we have utilized
transgenic mice that are interleukin-1 receptor antagonist
overexpressers (IL-1Ra~OEs) or interleukin-1 receptor
antagonist knockouts (IL-1Ra~KOs). For these initial
studies, we compared sensor function in transgenic
mice that (1) overexpress IL-1Ra expression (B6.CgTg(II1rn)1Dih/J) and (2) are deficient in IL-1Ra expression
(B6.129S-Il1rntm1Dih/J) with mice that have normal levels
of IL-1Ra expression (C57BL/6) for a 7-day period of
continuous glucose monitoring (CGM).12 These shortterm sensor studies indicated that (1) the IL-1 family of
Figure 1. General model of the role of IL-1 (IL-1a and IL-1B) and IL-1Ra
cytokines, likely IL-1 agonists IL-1a and IL-1B, play a
in glucose sensor induced tissue reactions. This model illustrates the
critical role in controlling tissue reactions and sensor
cascade of IL-1-related events from the release of IL-1 from damaged
function in vivo and (2) IL-1Ra is critical in controlling
tissues to loss of sensor function. At each step following the release
of internal cellular IL-1a due to sensor implantation trauma, IL-1Ra
tissue reactions and sensor function in vivo. For the
can inhibit the cascade. Interleukin-1a release from damaged tissues
present study, we extended our initial short-term sensor
induces further IL-1 alpha inflammation and cell destruction with
studies from 7 to 28 days, using these same transgenic
leukocyte recruitment. Interleukin-1 beta is expressed by the leukocytes,
leading to other inflammatory reactions and ultimately wound healing
mouse models. These long-term studies support our
processes, including fibrosis with vessel regression, a severe inhibitor
hypothesis on the importance of the IL-1 family of
of accurate and timely sensor function.
cytokines in sensor function in vivo. It demonstrated that
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although IL-1Ra plays a major role in controlling inflammation in the earlier stages (weeks 1–3) of tissue reactions to
glucose sensor implantation (i.e., inflammation and wound healing), it is less important in the later stages of tissue
response to the implanted sensor (e.g., fibrosis). Future studies directed to determine the impact of local-delivery
IL-1Ra gene or recombinant protein (anakinra) or other IL-1 antagonists, such as neutralizing antibodies and soluble
IL-1 receptors,4 would confirm our transgenic mouse studies and would suggest possible future therapeutic strategies
to target sensor biofouling.

Methods
Interleukin-1 Receptor Antagonist Knockout and Interleukin-1
Receptor Antagonist Overexpression Mouse Models

In the present studies, female IL-1Ra~KO mice and IL-1Ra~OE mice were utilized. The IL-1Ra~KO (B6.129S-Il1rntm1Dih/J)
and IL-1Ra~OE mice (B6.Cg-Tg(II1rn)1Dih/J) were obtained from Jackson Laboratory (Bar Harbor, ME). Additionally,
female C57BL/6 mice were used as normal controls for these studies and were also obtained from Jackson Laboratory.

Glucose Sensors, Implantation, and Murine Continuous Glucose Sensor System

The modified Navigator glucose sensors used in these in vivo studies were obtained from Abbott Diabetes Care.
Glucose sensors were implanted into IL-1Ra~KO, IL-1Ra~OE, or C57BL/6j mice, and CGM was undertaken for a
period up to 28 days as described previously.12–14 Blood glucose reference measurements were obtained periodically
over the 28-day implantation period, using blood obtained from the tail vein and a FreeStyle blood glucose monitor.
The Institutional Animal Care and Use Committee of the University of Connecticut Health Center (Farmington, CT)
approved all mice studies.

Continuous Glucose Monitoring Data Analysis

Reference blood measurements were used to calculate the mean absolute relative difference (MARD) over a 4-week
experiment for the three groups of mice with distinct IL-1Ra genetic backgrounds.15 Equations (1)–(3) describe the
MARD calculation in detail. Sensitivity (S; mg/dl/nA) is calculated for each mouse experiment based on the reference
blood glucose and the sensor output (I; nA) measurements in an initial reference stage of the experiment, i.e., k in
Equation (2) is approximately 5, for the first initial five measurements across 2 days.
⎛⎛
MARD(mean) = ⎜ ⎜
⎝⎝
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Statistical Analysis

Since the mean MARD values were non-normal in distribution with the exception of the IL-1Ra~KO mice, Kruskal–
Wallis tests were used to conduct statistical comparisons among the three groups of MARD values, as a nonparametric
equivalent to analysis of variance. Mann–Whitney U tests were then conducted to determine the statistical differences
between pairs of average mean MARD values, as non-parametric equivalents to Student’s t-tests.

Histopathologic Analysis of Tissue Reactions at Glucose Sensor Implantation Sites

In order to evaluate tissue responses to glucose sensor implantation at various time points, individual mice were
euthanized and the full thickness of the skin and sensors were removed en bloc in approximately 3 × 3 cm2 sections
and immediately placed in tissue fixative. Tissue was fixed in zinc buffer for 24 h followed by standard processing,
embedded in paraffin, and sectioned. The resulting 4–6 μm sections were then stained using standard protocols for
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hematoxylin eosin stain and Masson trichrome to evaluate fibrosis. Histopathologic evaluation of tissue reactions
at sites of sensor implantation was performed on mouse specimens obtained at 1–28 days post-sensor implantation.
The tissue samples were generally examined for signs of necrosis and inflammation, including leukocyte influx, fibrosis,
angiogenesis, and vessel regression. To provide an initial evaluation of the inflammatory reactions at the sensor–tissue
interface, we utilized a semiquantitative evaluation scoring system from 0–4. For this system, the tissue reactions were
scored as follows: 0, no inflammation (no leukocyte infiltration present near the implanted sensor); 1, trace inflammation
(occasional leukocyte infiltration present near the implanted sensor); 2, mild inflammation (scattered and consistent
leukocyte infiltration present near the implanted sensor); 3, moderate inflammation (significant leukocyte infiltration
near the implanted sensor); 4, severe inflammation (dense leukocyte infiltration near the implanted sensor).
The individual histologic sections were evaluated in a double-blind fashion, and the mean inflammation index was
determined. Since the average inflammation index values were non-normal in distribution, with the exception of the
day 14 IL-1Ra~KO and IL-1Ra~OE inflammation index values, Kruskal–Wallis tests were used to conduct statistical
comparisons among the three groups of inflammation index values of differing genetic background. Mann–Whitney U
tests were then conducted to determine the statistical differences between pairs of average inflammation index values.
Microsoft Excel for Mac 2011 (version 14.1.4) and IBM SPSS Statistics 20 (release 20.0.0) were the software packages
used for the calculations and statistical analyses, respectively, for both the MARDs and inflammation indices.

Results
Continuous Glucose Monitoring in the Normal and
Interleukin-1 Receptor Antagonist Transgenic Mice

To begin our mice studies, we first determined the general
CGM profile for the normal C57BL/6J and the two IL-1Ra
transgenic mice. Figure 2 represents data of CGM over
the 28-day time period for these mice. As expected and
consistent with our previously published work,12 glucose
sensing closely followed blood glucose levels during
the first 7 days post-sensor implantation for the normal
C57BL/6J mice (Figure 2A) as well as the transgenic
IL-1Ra~OE mice (Figure 2B) but not for the IL-1Ra~KO
mice (Figure 2C). Sensor function beyond 7–10 days
post-sensor implantation displayed very heterogeneous
patterns of CGM for all three mice strains. It appears
that the IL-1Ra~KO mice consistently performed the
worst and the IL-1Ra~OE mice performed the best when
compared with C57BL/6J and IL-1Ra~KO mice.

Quantitative Accuracy Assessment Using the Mean
Absolute Relative Difference

Figure 2. Continuous glucose monitoring in normal C57BL/6,
IL-1Ra~KO, and IL-1Ra~OE mice over a 28-day time period.
Representative examples of CGM in (A) normal C57BL/6, (B) IL1Ra~KO, and (C) IL-1Ra~OE mice over a 28-day time period. Sensor
function (blue line) is expressed as CGM current and externally
monitored blood glucose (red diamonds) is expressed as blood glucose.

To measure the role of IL-1Ra in the inflammatory
and wound healing processes around glucose sensor
implantation, we evaluated the effect of IL-1Ra on glucose
sensor function by calculating the MARD over a 4-week experiment for the mice with three distinct IL-1Ra expression
backgrounds. The impact of IL-1Ra expression on CGM is presented in Figure 3, in which IL-1Ra~KO mice have
statistically higher MARD values when compared with the normal or IL-1Ra~OE mice in weeks 1 to 3 post-sensor
implantation. The IL-1Ra~OE mice generally had lower MARD values when compared with C57BL/6J and IL-1Ra~KO
during weeks 1–3 post-sensor implantation (Figure 3). By week 4 post-sensor implantation, there was no longer any
statistically significant differences between the three groups of mice (Table 1). The IL-1Ra~KO mice had the worst
total mean MARD of 29.75% ± 10.98%, whereas the C57BL/6 mice had an intermediate MARD of 23.50% ± 9.83%,
and IL-1Ra~OE had the best overall MARD of 21.49% ± 13.84% for the 28-day study. Table 2 demonstrates that each
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Table 1.
Total Mean Absolute Relative Difference Values
of Mice with Various Interleukin-1 Receptor
Antagonist Genetic Backgrounds for All Four
Weeksa

Figure 3. Impact of IL-1Ra expression on cumulative average mean
MARD values from weeks 1 to 4 by IL-1Ra genetic background in
a murine model of CGM. Cumulative average mean MARD from
weeks 1 to 4 by IL-1Ra genetic background. * represents the statistical
significance (p < .05) of the difference between IL-1Ra~KO and
IL-1Ra~OE mean MARD values for that week. † represents the
statistical significance (p < .05) of the difference between IL-1Ra~KO
and C57BL/6 control mean MARD values for that week. ‡ represents
the statistical significance (p < .05) of the difference between
IL-1Ra~OE and C57BL/6 control mean MARD values for that week.
Error bars present standard errors of the mean MARD for each
individual week and genetic background. To test for statistical
differences among all three genetic groups at once, Kruskal–Wallis
(K–W) tests were conducted on the MARD values as a nonparametric
equivalent to analysis of variance for each week.

Total mean
MARD data

C57BL/6
average mean
MARD =
23.50 ± 9.83%
n = 26

IL-1Ra~KO
average mean
MARD =
29.75 ± 10.98%
n = 22

IL-1Ra~OE
average mean
MARD =
21.49 ± 13.84%
n = 20

C57BL/6
average mean
MARD =
23.50 ± 9.83%
n = 26

—

0.230

0.1160

—

0.0050

IL-1Ra~KO
average mean
MARD =
29.75 ± 10.98%
n = 22
IL-1Ra~OE
average mean
MARD =
21.49 ± 13.84%
n = 20
a

—

Error values following “±” are standard deviations from the
average of the individual genetic background group’s MARD
values. P-values within the boxes represent the statistical
significance of the comparisons of the two treatment groups
indicated in the axes, calculated by Mann–Whitney U tests, as
nonparametric equivalents to Student’s t-tests. Mann–Whitney
U tests were conducted because only the IL-1Ra~KO group had
normally distributed mean MARD values.

comparison between the various MARD for IL-1Ra~KO mice to the other IL-1Ra genetic backgrounds was statistically
significant (p < .05). The difference among the mice of the three different IL-1Ra genetic backgrounds, for the total
MARD values (all 4 weeks together), was statistically significant, as per the Kruskal–Wallis tests (p = .006). Additionally,
when observing the difference among the three groups of mice over time, we find a statistically significant difference
in weeks 1 to 3 but not in week 4 (p = .013, .011, .039, and .283 for weeks 1–4, respectively; Kruskal–Wallis tests). We
also observed that the difference in MARD between the various genetic IL-1Ra backgrounds completely disappears by
week 4 or between 21 and 28 days, as shown in Table 1 and Figure 3.

Inflammation and Fibrosis at the Sites of Glucose Sensor Implantation

After demonstrating the key role of IL-1/IL-1Ra in controlling sensor function in vivo, the next obvious question is, do
alterations in IL-1Ra expression influence sensor function in vivo? Since we hypothesized that IL-1 drives inflammation
and fibrosis, we would predict that by removing IL-1Ra control of the IL-1 activity (i.e., IL-1Ra deficiency/knockout),
there would be an increase in inflammation and fibrosis at sites of sensor implantation. To investigate this possibility,
we evaluated sensor tissue sites at 7–28 DPI using hematoxylin eosin histological evaluation of inflammation.
As can be seen in Figure 4, IL-1Ra deficiency (IL-1Ra~KO mice) had significant increased tissue reactions of
inflammation when compared with normal C57BL/6 or IL-1Ra~OE mice. A comparison of the degree of inflammation
(inflammation index) at sites of sensor implantation demonstrated statistically greater inflammatory tissue reactions
when compared with IL-1Ra~KO mice over the 4-week period and for 3 weeks when compared with normal mice
(C57BL/6; Figure 4 and Table 3). Comparison of the sensor-induced inflammatory reactions in IL-1Ra~OE versus
C57BL/6 mice only demonstrated statistical significance related to the inflammation index for the 14-day histology
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Table 2.
Average Mean Absolute Relative Difference Values
for Week 4 of Surviving Mice with Various
Interleukin-1 Receptor Antagonist
Genetic Backgroundsa
Cumulative 4
weeks mean
MARD data

C57BL/6
average mean
MARD =
27.02 ± 10.95%
n = 15

IL-1Ra~KO
average mean
MARD =
22.51 ± 7.22%
n = 6

IL-1Ra~OE
average mean
MARD =
19.86 ± 8.07%
n = 8

C57BL/6
average mean
MARD =
27.02 ± 10.95%
n = 15

—

0.3809

0.2132

—

0.2824

IL-1Ra~KO
average mean
MARD =
22.51 ± 7.22%
n = 6
IL-1Ra~OE
average mean
MARD =
19.86 ± 8.07%
n = 8
a

Figure 4. Quantitation of inflammation reactions at sensor implantation
sites in normal and IL-1Ra transgenic mice. Average inflammation index
values from weeks 1 to 4 by IL-1Ra genetic background. * represents
the statistical significance (p < .05) of the difference between
IL-1Ra~KO and IL-1Ra~OE inflammation index values for that week.
† represents the statistical significance (p < .05) of the difference
between IL-1Ra~KO and C57BL/6 control inflammation index values
for that week. ‡ represents the statistical significance (p < .05) of the
difference between IL-1Ra~OE and C57BL/6 control inflammation
index values for that week. Error bars present standard errors of
the inflammation index values for each individual week and genetic
background. To test for statistical differences among all three
genetic groups at once, Kruskal–Wallis tests were conducted on the
inflammation index values as a nonparametric equivalent to analysis
of variance for each week, with p values indicated at the bottom of
the graph.

—

Error values following “±” are standard deviations from the
average of the individual genetic background group’s MARD
values. P-values within the boxes represent the statistical
significance of the comparisons of the two treatment groups
indicated in the axes, calculated by Mann–Whitney U tests,
as nonparametric equivalents to Student’s t-tests. Mann–Whitney
U tests were conducted because only the IL-1Ra~KO group had
normally distributed mean MARD values.

samples (Figure 4 and Table 3). These studies clearly
demonstrate that sensor-induced inflammatory reactions
are more intense and prolonged in the IL-1Ra~KO
mice when compared with IL-1Ra~OE or C57BL/6 mice.
Further analysis of tissue reactions at sensor implantation
sites using trichrome staining for evaluation of fibrosis
in tissues also demonstrated that there was generally
more fibrosis at sensor implantation sites in the normal
C57BL/6J and IL-1Ra~KO mice when compared with the
IL-1Ra~OE mice (data not shown).

Discussion

Average inflammation
index Mann-Whitney U-test
comparisons

Day 7

Day 14

Day 21

Day 28

IL-1Ra~KO vs IL-1Ra~OE

0.0016

0.0000

0.0000

0.0147

IL-1Ra~KO vs C57BL/6

0.0000

0.0192

0.0006

0.3562

IL-1Ra~OE vs C57BL/6

0.5622

0.0003

0.6452

0.2093

K-W test for all 3 groups

0.000

0.000

0.000

0.049

a

Inflammation and Continuous Glucose Monitoring

The loss of sensor function in vivo is a result of tissue
reactions that include biofouling of the sensor, sensor
encapsulation (fibrosis), formation of metabolic barriers
by inflammatory cells, and loss of vasculature (vessel
regression).13,16 Unfortunately, the specific mediators and
mechanisms involved in the loss of sensor function
in vivo remains unclear. However, the importance of
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P-values within the boxes represent the statistical significance
of the paired comparisons of the inflammation index values of
the mice with different genetic backgrounds indicated in the
horizontal axis, calculated by Mann–Whitney U tests, as
nonparametric equivalents to Student’s t-tests. Mann–Whitney
U tests were conducted because only the day 14 IL-1Ra~KO
and IL-1Ra~OE groups had normally distributed inflammation
values. For that single box, the p-value was calculated with the
traditional Student’s t-test. At the bottom of the table, Kruskal–
Wallis tests were used to conduct statistical comparisons
among the three groups of inflammation index values as a
nonparametric equivalent to analysis of variance. K–W, KruskalWallis.
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inflammation in this loss of sensor function is well established. For example, our laboratory demonstrated that
anti-inflammatory drugs such as corticosteroids (dexamethasone) not only suppress inflammation at sites of sensor
implantation, but also extend sensor lifespan in vivo.17 Unfortunately, steroids have many drawbacks. For example,
although corticosteroids are effective anti-inflammatory agents for short-term suppression of inflammation, steroids
can have significant negative side effects when used long term.18,19 Additionally, corticosteroids are broad-spectrum
anti-inflammatory agents that affect a wide range of inflammatory and wound-healing pathways, thus the specific
mechanism(s) and mediators that are affected by corticosteroids are not completely cataloged or understood.
Interestingly, part of the mechanism by which steroids produce anti-inflammatory effects appears to be related to
suppression of cytokine expression within various cells.20–22 For example, steroids are known to suppress IL-1B
expression in various cell types.23–25

Interleukin-1 Cytokine Family of Agonists and Antagonists

The IL-1 family consists of two agonists (IL-1a and IL-1B), a competitive antagonist (IL-1Ra/IL-1Ra), and two receptors
[interleukin-1 receptor I (IL-1RI) and interleukin-1 receptor II (IL-1RII)]. Interleukin-1 alpha is the acidic form while
IL-1B is the neutral form. Interestingly, these cytokines lack classical signal peptides (for secretion), yet IL-1a and
IL-1B exert their physiological effects by binding to specific receptors. While IL-1a remains intracellular and is released
upon cell death, IL-1B is secreted out of the cell. Crucial to controlling an inflammatory event is the concentration of
the IL-1Ra, and the ratio of IL-1Ra/IL-1 within the tissue microenvironment. The IL-1Ra competes for binding to IL-1RI
and IL-1RII and thereby prevents IL-1 from activating the receptor. Isoforms of IL-1Ra have been identified and
include one secreted form and three intracellular forms (1, 2, and 3).4 While secreted IL-1Ra competitively inhibits IL-1
receptor binding, intracellular IL-1Ra may inhibit not only IL-1 binding, but also regulate IL-1 responses beyond the
receptor level. Interleukin-1RI and IL-1RII are both receptor members of the immunoglobulin superfamily. Where IL-1RI
has a 213 amino acid cytoplasmic domain, IL-1RII contains only 29 amino acids in this region. Interleukin-1RI is the
signal-transducing receptor, and IL-1RII does not transduce a signal when IL-1 is bound to it and is considered an
IL-1 “sink.” Additionally, IL-1RII not only exists as a membrane-bound form, but can also be found as a soluble form
in the circulation of healthy adults. Therefore, IL-1RI mediates IL-1 signal transduction, and IL-1RII is involved in
downregulation or inhibition of IL-1 activation. Lastly, IL-1 activation requires that IL-1/IL-1RI complex associate with
IL-1 receptor accessory protein to mediate signal transduction.11 The mechanism by which IL-1 mediates its activity
is via activation of the inhibitor of |B/nuclear factor-|B (I|B/NF|B) and AP-1 transcription factor pathways.26
Nuclear factor|B has been shown or implicated in the regulation of a number of protumorigenic activities, including
regulation of invasiveness/metastasis factors such as metalloproteinase,27 urokinase plasminogen activator,28 endothelial
cell adhesion molecules (selectins) critical for angiogenesis,29 and a number angiogenic/mitogenic cytokines such as
growth-regulated oncogene protein,30 interleukin-8, vascular endothelial growth factor, basic fibroblast growth factor,
and tumor necrosis factor as well as the motility factor, interleukin-6.31

Interleukin-1 Receptor Antagonist and Continuous Glucose Monitoring

Based on these results, we have also developed a hypothetical model to explain the results seen in both transgenic and
normal mice (see Figure 5). In our model, the key factor is the balance between expression of proinflammatory factors
such as IL-1 (derived from tissue cells and inflammatory cells) and anti-inflammatory factors such as IL-1Ra [derived
from plasma (vasopermeability) as well as tissue and inflammatory cells]. In this model, initial implantation of the
sensors in normal mice (C57BL/6J) triggers the release of local inflammatory mediators (e.g. IL-1B, vasopermeability
factors, and leukocyte chemotactic factors) from tissue cells, including mast cells. The locally expressed leukocyte
chemotactic factors, in turn, recruit both polymorphonuclear leukocytes and monocytes/macrophages, and both
cell types are known to express IL-1 and IL-1Ra. Mast-cell-derived vasopermeability factor such as histamine and
serotonin induce vasopermeability, resulting in an influx of plasma components, including IL-1Ra. Ultimately, the
balance between cell-derived IL-1 and IL-1Ra as well as plasma-derived IL-1Ra determines whether inflammation and
fibrosis or wound healing (angiogenesis) will dominate the tissue surrounding the implanted sensor. We believe that
in the IL-1Ra~KO mice, the lack of plasma and cell-derived IL-1Ra allow locally expressed IL-1B to dominate the
tissue microenvironment at the sensor implantation site and thereby promote inflammation, tissue destruction, and
fibrosis, which is particularly noticeable in the first few weeks following sensor implantation (Figure 3 and Table 1).
Alternatively, we hypothesize that in the case of IL-1Ra~OE mice, both the enhanced levels of IL-1Ra seen in the plasma,
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the recruited cells (polymorphonuclear leukocytes and
macrophages), as well as tissue cells create an antiinflammatory tissue microenvironment at the site of
sensor implantation.

Conclusions
To investigate the role of the IL-1 family of cytokines
in glucose sensor function and tissue reactions in vivo
using our murine model of CGM,14 we compared sensor
function in transgenic mice that (1) overexpress IL-1Ra
[B6.Cg-Tg(IL1rn)1Dih/J] and (2) are deficient in IL-1Ra
(B6.129S-Il1rntm1Dih/J) with mice that have normal levels
of IL-1Ra (C57BL/6). These studies indicate that (1) the
IL-1 family of cytokines, especially IL-1, play a critical
role in controlling tissue reactions and sensor function
in vivo in the first few weeks sensor implantation and
(2) the IL-1 antagonist IL-1Ra is critical in controlling
tissue reactions and sensor function in vivo, particularly
in the early phases of tissue injury and inflammation.
These studies suggest that targeting the IL-1 family
of cytokines for the first 2–3 weeks following sensor
implantation, e.g., local delivery of IL-1 antagonists at
sites of sensor implantation, will likely enhance both
short-term and long-term sensor function in vivo.

Figure 5. Hypothetical model of IL-1 and IL-1Ra tissue and sensor
interactions at sites of glucose sensor implantation in normal tissue.
Hypothetical model of role of IL-1(IL-1a and IL-1B) and IL-1Ra at
sensor implantation sites of glucose sensors. This hypothetical model
outlines the various possible IL-1-related pathways /interactions
that are involved in controlling tissue reactions at sites of glucose
sensor–tissue reactions as well as glucose sensor function in vivo. M1,
(proinflammatory) macrophage subpopulations, red cells; M2, (antiinflammatory) macrophage subpopulations, green cells; red triangles,
IL-1 (IL-1a and IL-1B); green triangles, IL-1Ra; red stars, IL-1-induced
proinflammatory and profibrotic factors; green circles and ovals, IL1Ra-induced/related anti-inflammatory and antifibrosis factors; VPF,
vasopermeability factors; LCF leukocyte chemotactic factors.
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