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BACKGROUND. HMG-CoA reductase inhibitors (statins) are prescribed to millions of people. Statins
are antiinflammatory independent of their cholesterol-reducing effects. To date, most reports on
the immune effects of statins have assayed a narrow array of variables and have focused on cell
lines, rodent models, or patient cohorts. We sought to define the effect of rosuvastatin on the
“immunome” of healthy, normocholesterolemic subjects.

METHODS. We conducted a prospective study of rosuvastatin (20 mg/d x 28 days) in 18 statin-naive
adults with LDL cholesterol <130 mg/dL. A panel of >180 immune/biochemical/endocrinologic
variables was measured at baseline and on days 14, 28, and 42 (14 days after drug withdrawal). Drug
effect was evaluated using linear mixed-effects models. Potential interactions between drug and
baseline high-sensitivity C-reactive protein (hsCRP) were evaluated.

RESULTS. A wide array of immune measures changed (nominal P < 0.05) during rosuvastatin
treatment, although the changes were modest in magnitude, and few met an FDR of 0.05. Among
changes noted were a concordant increase in proinflammatory cytokines (IFN-y, IL-1B, IL-5, IL-6, and
TNF-a) and peripheral blood neutrophil frequency, and a decline in activated Treg frequency. Several
drug effects were significantly modified by baseline hsCRP, and some did not resolve after drug
withdrawal. Among other unexpected rosuvastatin effects were changes in erythrocyte indices,
glucose-regulatory hormones, CD8* T cells, and haptoglobin.

CONCLUSION. Rosuvastatin induces modest changes in immunologic and metabolic measures in
normocholesterolemic subjects, with several effects dependent on baseline CRP. Future, larger
studies are warranted to validate these changes and their physiological significance.

TRIAL REGISTRATION. ClinicalTrials.gov NCT01200836.

FUNDING. This research was supported by the Intramural Research Program of the NIH, National
Institute of Environmental Health Sciences (Z01 ES102005), and the trans-NIH Center for Human
Immunology.

Introduction

HMG-CoA reductase inhibitors (statins) are prescribed to more than one-quarter of adults over 40 years
of age in the United States for atherosclerotic cardiovascular disease (ASCVD) treatment or prophylaxis
(1). In addition to decreasing serum cholesterol levels, statins have antiinflammatory and immunomodu-
latory properties (2), suggesting their potential for wider disease application. Most studies on the immune
effects of statins, however, have been performed either in rodent models, commonly using very high doses
delivered parenterally (3, 4), or in in vitro cell-based studies, using supraphysiologic concentrations (5-7).
Reported effects of statins on the human immune system in vivo have largely derived from studies of
patients with hypercholesterolemia, coronary artery disease, and/or HIV infection (8-12) and are thus of
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Table 1. Baseline characteristics of study subjects

Study subgroup
CRP-high (n=7) CRP-low (n =11)A

Age (yr, mean [sD]) 38.64 (10.38) 42.86 (10.54)
Sex

Female, n 4 6

Male, n 3 5
Race

Asian, n 0 2

Black, n 3 1

White, n 4 8
hsCRP (mg/L, mean [SD]) 6.53 (5.37) 0.65 (0.66)
Total cholesterol (mg/dL, mean [SD]) 176.14 (21.14) 186.50 (32.79)
LDL-C (mg/dL, mean [sp]) 98.71(19.73) 106.00 (29.19)
HDL-C (mg/dL, mean [SD]) 56.86 (10.40) 61.90 (16.42)
Triglycerides (mg/dL, mean [SD]) 102.00 (57.50) 93.00 (63.35)

An =10 for biochemical measures (CRP, cholesterol, triglycerides) in CRP-low group. hsCRP as measured by NIH Clinical
Center assay.

uncertain generalizability. In this context, different statins have been reported to reduce serum proinflam-
matory cytokines (e.g., TNF-a, IL-6, IL-8), C-reactive protein (CRP), and T cell and monocyte activation
(8, 11, 13), some of these effects within 6—8 weeks (8, 14) or earlier (9) and in a manner independent of
serum cholesterol reduction (15). There is a great deal of heterogeneity across these clinical reports, howev-
er, including some that failed to observe any immune effects (10, 12, 16). Moreover, some cell-based reports
have even indicated the potential for statins to induce proinflammatory cytokine production by human leu-
kocytes (17, 18), prompting recent calls to determine whether this occurs in vivo (19). Given the potential
public health implications, there is a critical need to better resolve the effects of this widely used class of
drugs on the human immune system.

To date, few reports have examined the in vivo immune effects of statins in healthy, normocholester-
olemic subjects, and these studies have measured a narrow array of immune markers. One group found
that simvastatin and atorvastatin had opposite effects on T cell activation within 14 days of treatment
but no effect on serum cytokines or high-sensitivity CRP (hsCRP) (20), whereas another group found
that simvastatin reduced serum monocyte chemoattractant protein—1 within this time frame (21). Ator-
vastatin and lovastatin were reported to increase Tregs within 30 days in healthy subjects (22). Notably,
the JUPITER trial showed that rosuvastatin reduced major ASCVD events and serum hsCRP in more
than 17,000 subjects with baseline LDL cholesterol (LDL-C) <130 mg/dL and hsCRP =2 mg/L but did
not report any additional immune measures (23). Smaller studies in subjects with hypercholesterolemia
and HIV have found that suppressive effects of statins on hsCRP (24) and T cell activation (11) were
restricted to those with baseline elevations in hsCRP and T cell activation, respectively. Whether baseline
inflammatory status determines effects of statins in healthy subjects is unknown.

Here, we report the results of a prospective 4-week study of rosuvastatin, 20 mg daily, in 18 par-
ticipants with baseline LDL-C <130 mg/dL, followed by 2 weeks of drug washout. A comprehensive
panel of >180 immune, hematologic, and biochemical measures was evaluated at baseline, during
treatment, and after drug discontinuation. Rosuvastatin induced wide-ranging effects. Of interest, we
identified several proinflammatory cytokines that appeared to increase during statin treatment and
then decreased after statin discontinuation. A subset of drug effects differed significantly between
subjects with baseline hsCRP =2 mg/L versus <2 mg/L, suggesting interaction with inflammatory
status. Taken together, this is the first report to our knowledge of the in vivo impact of a statin on the
immunome of normocholesterolemic, healthy subjects, identifying several potential drug effects that
warrant further investigation.
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Figure 1. Study design for evaluating the effect of rosuvastatin initiation and discontinuation on the human immunome.

Results

In order to define the effect of statins on the immunome of healthy, normocholesterolemic subjects, we
recruited 18 statin-naive (within 6 months prior to enrollment) adults with LDL-C <130 mg/dL. Although
the original objective was to recruit 20 participants, 10 with normal (<2 mg/L) and 10 with elevated (=2
mg/L) hsCRP, only 7 high-hsCRP subjects could be identified despite extension of the screening period.
Baseline characteristics of the study participants are shown in Table 1. Following an initial 7-day washout
period during which participants were asked to refrain from nonsteroidal antiinflammatory drugs, antihis-
tamines, steroids (including topical), and niacin formulations, a baseline panel of immune, hematological,
and endocrine measurements was collected (Supplemental Table 1; supplemental material available online
with this article; https://doi.org/10.1172/jci.insight.131530DS1) (25). Subjects were then commenced
immediately on a 28-day course of 20 mg rosuvastatin daily. As shown in Figure 1, the panel of measure-
ments was repeated on days 14, 28, and 42 (i.e., 14 days after drug washout).

Baseline immune profile of subjects with normal versus elevated hsCRP. CRP has been proposed as a clinically
robust biomarker for identifying subjects with increased systemic inflammation, and an hsCRP cut point
of 2 mg/L has been proposed (26). Fifty-one measures were found to differ significantly (P < 0.05) at base-
line between subjects with normal and elevated hsCRP (47 of 51 of these represented increases in subjects
with CRP =2 mg/L) (Supplemental Table 2). Of these, 19 met an FDR threshold of 0.05. Consistent with
previous reports of the utility of CRP as a proinflammatory biomarker, several proinflammatory cytokines
(IFN-y, TNF-q, IL-6, IL-12p70, IL-17, IL-18) and chemokines (IL-8, GROa, MIP-1a, MIP-13, RANTES)
were elevated in high-hsCRP subjects. Type 2 (IL-4, IL-5, IL-9, IL-13) inflammatory mediators and the
antiinflammatory cytokine IL-10 were also elevated in high-hsCRP subjects, suggesting a complex, mixed
inflammatory milieu with compensatory signals. Consistent with their higher serum granulocyte-CSF and
neutrophilic chemokines, leukocyte differentials of high-hsCRP subjects tended to show increased neutro-
phils and decreased lymphocytes. High-hsCRP subjects also had higher insulin, C-peptide, glucagon, and
leptin than normal hsCRP counterparts, consistent with metabolic stress. Random forest analysis identified
IL-6 and IL-4 as the measures of highest importance for discriminating between CRP-high and CRP-low
subjects (Supplemental Figure 1). Taken together, the results indicate that an hsCRP cut point of 2 mg/L
distinguished subjects displaying an associated cluster of low versus high proinflammatory measures.

Measures altered during rosuvastatin treatment. As expected, and confirming a rosuvastatin effect, total
cholesterol and LDL-C were significantly reduced in all subjects while on rosuvastatin, with rebound to
baseline after drug discontinuation (Figure 2 and Table 2). Triglycerides were also reduced, whereas HDL
cholesterol (HDL-C) was unchanged. The effect on serum lipids was seen on day 14 and occurred equiva-
lently in low- and high-hsCRP subjects.

Although several measures from the immunophenotypic panel met nominal statistical significance (P
< 0.05), the only other measure to meet an FDR < 0.05 threshold was the reduction in mean corpuscular
hemoglobin concentration (MCHC) (i.e., the concentration of hemoglobin within erythrocytes) (Table 2).
Concordant with this, rosuvastatin treatment was also associated with a reduction in hemoglobin mass and
mean corpuscular hemoglobin mass, and with an increase in mean corpuscular volume (MCYV), collectively
suggesting independent effects on hemoglobin and erythrocyte size. Erythrocyte count was also depressed
by rosuvastatin, whereas hematocrit, while reduced, was not significant degree (P = 0.09). Arguing against
induction of hemolysis (27), haptoglobin was significantly increased during rosuvastatin administration,
followed by normalization after rosuvastatin discontinuation (Table 2 and Supplemental Figure 2A).

Of interest, several proinflammatory cytokines (IFN-y, IL-1B, IL-5, IL-6, IL-15) increased, albeit
modestly, in subjects while on rosuvastatin (nominal P < 0.05) (Table 2 and Figure 3, A-E). Both
IL-18, like IL-1pB, a product of the inflammasome (17, 18), and TNF, an inflammasome-independent

10.1172/jci.insight.131530 3


https://doi.org/10.1172/jci.insight.131530
https://insight.jci.org/articles/view/131530#sd
https://doi.org/10.1172/jci.insight.131530DS1
https://insight.jci.org/articles/view/131530#sd
https://insight.jci.org/articles/view/131530#sd
https://insight.jci.org/articles/view/131530#sd

. CLINICAL MEDICINE

A P =1.9x10"% (Treatment)

B P =2.1x10" (Treatment) C P =0.52 (Treatment) D P =0.021 (Treatment)

P =1.22x10-"* (Discontinuation P =7.14x10"17 (Discontinuation P =0.09 (Discontinuation) P =0.35 (Discontinuation)

240 4

200 1

160 -

Cholesterol (mg/dL)

120 -

80

0 14 28 42
Timepoint (Day)

160 1

250 1
CRP group

EJCRP Low
801 o 200 - B8 CRP High

LDL Cholesterol (mg/dL)
® o
o o
HDL Cholesterol (mg/dL)

EN
o
1

150 -
60 1

100 1

50 1
401 & .
N S S S

- T r T B S S a—
0 14 28 42 0 14 28 42 0 14 28 42
Timepoint (Day) Timepoint (Day) Timepoint (Day)

Triglycerides (mg/dL)

Figure 2. Effect of rosuvastatin on serum lipids. Serum total cholesterol (A), LDL-C (B), HDL-C (C), and triglycerides (D) were measured in study
participants at the indicated trial time points (baseline [day 0], rosuvastatin treatment [days 14 and 28], and 14 days after rosuvastatin discontinua-
tion [day 42]). Data for subjects with low versus high CRP at baseline are plotted separately. Boxes depict IQR around the median. The upper whisker
extends from the hinge to the largest value no further than 1.5 * IQR from the hinge; the lower whisker extends from the hinge to the smallest value
at most 1.5 * IQR of the hinge. Outlying points are plotted individually. Nominal P values for rosuvastatin treatment and discontinuation were deter-
mined for the overall study group by linear regression (also listed in Table 2 and Table 3).

cytokine, also increased in response to rosuvastatin treatment, but these differences did not achieve
statistical significance (Supplemental Figure 2, B and C). Formal correlation analysis revealed that
all of the aforementioned cytokines, along with several others (IL-2, IL-4, IL-7, IL-8, IL-12p70), were
strongly correlated in their response over time to rosuvastatin (Supplemental Figure 3). By contrast,
serum total cholesterol and LDL-C showed no correlation with this cytokine module. Although in
most cases the increase in cytokine levels was more marked in CRP-high subjects, formal testing did
not reveal a significant interaction between rosuvastatin and baseline hsCRP (Supplemental Table 3).
In parallel with the increases in these proinflammatory mediators, rosuvastatin induced an increase in
the antiinflammatory cytokine IL-10 in CRP-high subjects (P = 0.05) (Supplemental Figure 2D) and
in the antiprotease and anticoagulant protein a2-macroglobulin (A2M) (Table 2). Although modeling
indicated that rosuvastatin was associated with a reducing effect on CRP, this did not achieve statistical
significance (P = 0.08).

With regard to leukocyte subpopulations, rosuvastatin treatment was associated with an increase in
neutrophil frequency in both CRP groups (Table 2 and Figure 3F). By contrast, we observed a decline in
the frequency of activated Tregs (CD4*CD127°CD25CCR4*HLA-DR* cells) that was transient in CRP-
high subjects but sustained in CRP-low subjects (Figure 3G). In addition, a decline was seen in CD127"°C-
D27"CD39"HLA-DR"* Tregs during rosuvastatin administration. Rosuvastatin was also associated with a
decline in some naive CD4* T cell populations, such as CD28 CCR7*CD45RA" cells.

Complex effects were observed among CD8* T cell subpopulations and B cells. Rosuvastatin treat-
ment was associated with a reduction in CD28"CCR7 CD45RA* CD8* T cells irrespective of CRP status
(Table 2), whereas reductions in HLA-DR* CD8* T cells and in CD38* CD8" T cells were seen only in
CRP-high subjects (Figure 3, H and I), as confirmed by formal interaction testing (Supplemental Table 3).
This CRP-selective effect on CD8" T cells interestingly occurred despite the 2 CD8* T cell subsets display-
ing reciprocal relationships to CRP (CD38* cells elevated in high-CRP subjects, HLA-DR* cells reduced
in CRP-high subjects; Table 2 and Figure 3). By contrast, the CD28*CCR7*CD45RA" subset of CD8* T
cells was increased on rosuvastatin irrespective of CRP status (P = 0.05). Finally, CD19*CD20-CD38"
CD24 B cells were noted to increase significantly in response to rosuvastatin treatment only in CRP-high
subjects (Figure 3J), as confirmed by formal interaction testing (Supplemental Table 3). Taken together,
the results indicate that rosuvastatin administration was associated with complex changes in circulating
myeloid and lymphoid populations.
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Table 2. Variables changed by rosuvastatin treatment in overall study group

LDL-C
Cholesterol
MCHC
Hemoglobin
IL-15
Glucagon

MCV

RBC

IL-1B
Triglycerides
Activated Tregs
(%)

X1078

MCH

X116°¢

A2M (x10°)
MPV

SCGF-B (x10%)
NK cells
IFN-y

X106°
Neutrophils (%)
Insulin

IL-6
Haptoglobin (x10°)
X118
IL-5

Day 0, Day 14, Day 28,
median, median, median, Estimate SE Pr(|t)* FDR
all (CRP", CRP") all (CRP", CRP") all (CRP", CRP")
106 (109, 94) 48 (46, 54) 45 (44, 50) -0.82 0.06 21x107" 3.99 x10™
173 (187,172) 115 (115, 118) 119 (122, 113) -0.40 0.03 1.9 x 107 1.83x107™
34.3 (34.3,33.9) 33.7(33.7,34.2) 33.9(33.9, 33.8) -0.40 0.10 2.8 x10* 0.018
13.9 (13.4, 14) 13.5 (13.35, 13.5) 13.4 (13.3,13.7) -0.39 0.13 3.2x1073 0.155
0.06 (0, 5.40) 3.23(1.39, 7.52) 1.91(1.80, 40.87) 0.66 0.23 54 %103 0.204
160.46 (140.49, 166.57 (140.48, 163.11 (148.46, 232.65) 0.04 0.02 6.3x1073 0.204
194.06) 178.64)
88.25 (88.6, 87.2) 89.6 (89.7, 88.4) 89.1(89.4, 88.7) 0.54 0.20 8.9x1073 0.247
4.68 (4.48, 4.70) 4.49 (4.37, 4.60) 442 (442, 4.67) -0m 0.04 0.013 0.327
3.08 (2.63, 4.70) 3.16 (2.94, 4.54) 3.23 (2.73,13.44) 017 0.07 0.019 0.346
84.0 (81.5, 84.0) 66.0 (69.5, 66.0) 59.0 (47.0, 64.0) -0.21 0.09 0.021 0.346
27.81 24.51 22.58 -2.45 1.04 0.023 0.346
(25.20, 32.40) (21.02, 27.33) (20.39, 32.21)
7.20 (6.24,9.79) 5.41(4.94,10.0) 6.22(5.33,9.02) -0.170 0.07 0.026 0.346
30.6 (30.6, 30.0) 30.3(30.3,30.3) 30.3(30.5, 30.0) -0.17 0.07 0.026 0.346
1.43 (1.56, 1.22) 1.21(1.31,1.21) 1.28 (1.40, 1.06) -0.14 0.06 0.026 0.346
1.75 (1.76, 16.2) 1.98 (210, 1.97) 1.86 (1.87,1.85) 0.15 0.07 0.035 0.346
11.0 (11.1,10.1) 10.8 (10.8,10.1) 10.8 (11.0,10.2) -0.18 0.08 0.036 0.346
5.62 (3.58, 9.67) 5.91(5.00, 14.58) 6.12 (5.40, 17.00) 0.25 0.12 0.037 0.346
269 (182, 280) 218 (211, 221) 212 (182, 238) -26.65 12.37 0.037 0.346
21711 215.04 199.93 0.15 0.07 0.038 0.346
(169.25, 259.99) (164.08, 340.11) (177.50, 2608.55)
11.4 (10.0, 13.1) 747 (7.20,14.3) 10.8 (7.83, 12.6) -0.14 0.07 0.040 0.346
54.3 (51.9, 62.1) 57.0 (50.9, 67.0) 59.4 (58.1, 64.7) 3.60 1.75 0.045 0.346
317.36 (288.03, 314.23 (278.88, 336.87(320.03, 625.38) 0.23 0n 0.046 0.346
476.72) 524.56)
9.52 (7.09, 14.64) 9.89 (7.85, 13.88) 9.47 (7.63, 59.39) 017 0.09 0.047 0.346
8.33(8.02, 8.64) 11.85 (11.44, 16.98) 11.75 (11.57, 24.40) 0.27 013 0.048 0.346
64.4 (65.3,49.4) 64.9 (66.7, 58.0) 58.8 (63.3, 57.5) -4.83 2.39 0.049 0.346
2.73 (0.67, 6.62) 3.48 (1.77,713) 2.54 (2.48,19.34) 0.38 019 0.049 0.346

AVariables that were significantly changed in overall study group (nominal P value [Pr(>|t])] < 0.05) after commencement of rosuvastatin, as assessed by
linear regression. FDR-adjusted P values are also shown. Median values for analytes on specific study days are shown for all subjects, for CRP-low subjects,
and for CRP-high subjects and may be adjusted as indicated (e.g., x10*). Where not otherwise indicated, median values are in relative units. 8CD3*CD4*CD8"
CD127°CD27"CD39*HLA-DR" cells (% by FACS). ‘CD8*CD28*CCR7-CD45RA" cells (% by FACS). "CCR4*HLA-DR* Tregs (% by FACS). ECD4*CD28-CCR7*CD45RA*
Tregs (% by FACS). IL-1RA, IL-1 receptor antagonist; MCH, mean corpuscular hemoglobin; MPV, mean platelet volume; SE, standard error.

insight.jci.org

Among metabolic measures, glucagon and glucagon-like peptide 1 (GLP-1) exhibited a similar pattern
of response to rosuvastatin, modestly increasing by day 28 and then declining after drug discontinuation
(Table 2, Table 3, and Figure 4, A and B). Of interest, these 2 measures were highly correlated in their
response pattern to the cytokine module noted above (Supplemental Figure 3). Insulin and C-peptide both
progressively increased on rosuvastatin (P = 0.05), especially in CRP-high subjects, and their levels did not
normalize after drug discontinuation (Figure 4, C and D).

Measures altered after rosuvastatin withdrawal. By linear mixed-effects modeling, 31 measures were
nominally statistically significant (P < 0.05) for an effect of rosuvastatin discontinuation; of these, 5
met an FDR < 0.05 threshold (Table 3). Several measures, including glucagon, GLP-1, and haptoglobin
exhibited a reciprocal response to rosuvastatin initiation (increase) versus discontinuation (decrease),
suggesting a temporal and reversible effect of the drug. Of the proinflammatory measures that increased
while on rosuvastatin, several were noted to decline after statin discontinuation (IFN-y, TNF-a, IL-14,
IL-5, IL-6, IL-15) (Figure 3), also temporally consistent with a causal effect of the drug; however, of
these, only the decline in IL-1p achieved statistical significance, and this effect was restricted to the high-
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CRP group (Supplemental Table 4 and Figure 3B). A total of 17 measures exhibited a statistically signif-
icant interaction of the drug discontinuation effect with baseline hsCRP status (Supplemental Table 4).
Additional patterns of drug discontinuation effect were noted. Some immune measures were not-
ed to increase significantly after statin discontinuation despite not having changed significantly from
baseline during statin therapy. Among these were TRAIL and IL-17A2 (Table 3 and Figure 3, K and
L), the latter of which was noted to interact with CRP (i.e., only to increase in CRP-high subjects;
Supplemental Table 4 and Figure 3L). Of interest, IL-25 (i.e., IL-17E) was also noted to increase after
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Table 3. Variables changed by rosuvastatin discontinuation in the overall study group

LDL-C
Cholesterol
Glucagon
GLP-1

IL-16

SCF

IL-2Ra
Ghrelin (x103)
IL-31

IL-18

LIF

sCD40L
PDGF-BB (x10%)
CD3* (%)
TRAIL

SCGF (x103)
PCT (x103)
IL-33

MCP-1
IL-12p70
Fibrinogen (x10°)
PAI-1 (x10%)
MIF

IL-12p40

NK cells
CRP_btris
IL-17
CD4+CD3* (%)
IL-17A2

NGF
Haptoglobin (x10°)

Day 28, median,

Day 42, median,

all (CRP", CRP") all (CRP*, CRP") Estimate SE Prizlt)* FOR

45 (44, 50) 104 (107, 97) 0.84 0.06 71410 1.38 x 107

119 (122, 113) 175 (175, 166) 0.38 0.03 1.22x10° 119x10°"

16311 (148,46, 232.65)  149.41(130.75,199.01) -0.06 0.02 2.50x10% 0.014
278.75 (231.01,437.20)  256.91(203.65, 380.45) -om 0.03 2.92 x 10° 0.014
144.39 (56.38,260.79)  338.71(340.41, 337.01) 284.75 7475 4.03x10° 0.016
0(0,73.77) 0(0,94.33) 2133 6.44 1.80x10° 0.053
0 (0, 17710) 43.52(26.03, 346.93) 167 0.51 1.90 x 102 0.053
2.79(2.90, 2.61) 2.39 (249, 2.30) 014 0.04 243 x10° 0.057
39.72(18.98,76.97)  20.93 (19.08, 43.63) -0.62 019 2.64 x10° 0.057
56.84(32.48,130.52)  73.28 (64.52, 172.85) 25.53 8.33 3.59 x 10° 0.070
55.21(24.61,97.02)  56.75 (42.58,107.09) 3614 11.9 416 x10° 0.073
706.4 (417.8, 1053.46)  416.37 (369.28, 706.29) -0.33 0.1 4.84x 107 0.078
6.47 (5.62, 7.27) 5.26 (5.1, 5.41) -995.58 342.83 5.60 x 10° 0.081
735 (75.0, 68.9) 73.4(73.4,714) 473 0.60 5.83 x 10° 0.081
0(0, 68.52) 3213 (21,58, 111.28) 135 0.47 6.39x10° 0.083
612 (5.40,17.00) 6.46 (5.88, 22.70) 0.33 0.12 9.1 x 10° 010
3.79 (3.49, 4.09) 4.78 (4.68, 4.89) 6492.56 2473.90 0.012 0133
0(0,0) 0(0, 42.03) 0.83 0.32 0.013 0.144
4147(4139,12346)  64.67 (47.38,124.71) 0.3 013 0.015 0151
2972(21.81,8847)  22.82(22.01, 65.39) 014 0.06 0.016 0151
3.56(3.42,3.77) 4.23(4.95,3.49) 165 0.68 0.019 0172
5.82 (5.51, 6.41) 517 (5.25, 4.94) -7549.39 3183.67 0.022 0187
0(0,478.33) 0(0, 1624.23) 1.82 0.7 0.022 0187
132.84 (152.75,112.92)  413.46 (51712, 286.90) 138 0.59 0.023 0.187
121(11.0, 14.6) 13.25 (1145, 14.7) 011 0.05 0.028 0.218
0.46 (0.32, 3.15) 0.42 (0.40, 15.9) 0.45 0.20 0.030 0.218
18.50 (15.03,202.07)  25.07(18.91,138.86) 0.38 017 0.031 0.218
50.35 (53.2, 45.1) 4795 (512, 43.6) 136 0.61 0.031 0.218
0(0,1.21) 0(0, 9.96) 0.58 0.27 0.033 0.224
017 (0.09, 1.23) 019 (0, 2.32) 0.53 0.25 0.037 0.236
118 (116, 2.44) 5.73 (6.29, 4.94) ~0.30 014 0.038 0.236

AVariables that were significantly changed in overall study group (nominal Pvalue [Pr(>|t|)] < 0.05) after commencement of rosuvastatin, as assessed by
linear regression. FDR-adjusted P values are also shown. Median values for analytes at specific study days are shown for all subjects, for CRP-low subjects,
and for CRP-high subjects and may be adjusted as indicated (e.g., x10*). Where not otherwise indicated, median values are in relative units. CRP_btris,
(Supplemental Table 1) (as measured by NIH Clinical Center assay); LIF, leukemia inhibitory factor; MCP, macrophage chemotactic protein; MIF, macrophage
migration inhibitory factor; NGF, nerve growth factor; PAI, plasminogen activator inhibitor; PCT, procalcitonin.

statin discontinuation in interaction with CRP (Supplemental Table 4). Other measures increased from
baseline during statin administration and then further increased after statin administration (IL-18, stem
cell growth factor B [SCGF-B]) (Table 3 and Supplemental Figure 2, B and E).

Discussion

Statins modulate the function of multiple immune cell types (2). Many of these effects have been shown
to arise from reduced prenylation of signaling proteins (due to statin-mediated depletion of cellular iso-
prenoids) or reduced cell cholesterol (2—4), but antiinflammatory effects that are independent of HMG CoA
reductase have also been identified (e.g., inhibition of LFA-1 and HDAC-2; refs. 28, 29). Additional antiin-
flammatory or proresolving actions that have been identified for statins include induction of 15-epi-lipoxin
A4 (30) and PPARYy (21). The majority of the reports on immune effects of statins were derived from studies
using cell lines, rodents, or human cells studied ex vivo. Studies of statin-treated humans have largely arisen
from patient cohorts with hypercholesterolemia, HIV infection, or ASCVD and have generally focused on
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Figure 4. Effect of rosuvastatin on endocrine measures. Levels of glucagon (A), GLP-1(B), insulin (C), and C-peptide (D) in study subjects during the
rosuvastatin time course. Subjects with low versus high CRP at baseline are plotted separately. The upper whisker extends from the hinge to the
largest value no further than 1.5 * IQR from the hinge; the lower whisker extends from the hinge to the smallest value at most 1.5 * IQR of the hinge.
Outlying points are plotted individually. Nominal P values for rosuvastatin treatment and discontinuation were determined for the overall study
group by linear regression (also listed in Table 2 and Table 3).

select immune readouts (8—12). Defining the immune effects of statins in broader populations is important,
as statins are increasingly being considered in normocholesterolemic subjects at risk for ASCVD (23) as well
as in a growing list of immunologic human disorders, including asthma, acute respiratory distress syndrome
(ARDS), pneumonia, sepsis, chronic obstructive pulmonary disease, rheumatoid arthritis, lupus, multiple
sclerosis, graft-versus-host disease, and organ transplantation rejection (31). Moreover, there is increasing
interest in the effects of statins on infection risk and vaccination efficacy at a population level (2).

Here, we report what we believe to be the first prospective comprehensive immunologic and biochem-
ical study profiling statin-treated normocholesterolemic individuals. We have cataloged a large number of
putative statin effects, many of which are, to our knowledge, previously unreported. Given that few of these
changes met a FDR threshold of 0.05, the results should be considered hypothesis generating in nature.
Contrary to some (24), but not all (20), prior reports, we did not detect a decrease in hsCRP with rosuvasta-
tin. Rosuvastatin discontinuation was, however, associated with an increase in hsCRP (Table 3).

Of interest, we found that rosuvastatin treatment was associated with concordant, albeit modest,
upregulation of several proinflammatory indicators, including cytokines (IFN-y, IL-1f, IL-5, IL-6), and
peripheral blood neutrophil frequency. Most reports of ex vivo treated human leukocytes and of ex vivo
assays on in vivo treated leukocytes have found that statins reduce proinflammatory cytokines (32-34).
Simvastatin was also found to reduce serum cytokines within 2 weeks in normocholesterolemic subjects
(21). By contrast, ex vivo treatment of human monocytes with lipophilic statins (simvastatin, atorvastatin,
lovastatin) but not pravastatin induced upregulation of multiple cytokines that was blocked by cotreatment
with mevalonic acid (35). Simvastatin has also been reported to induce IL-18, TNF-a, and IFN in human
peripheral blood mononuclear cells (36), to augment LPS induction of multiple cytokines in human periph-
eral blood mononuclear cells (18), and to promote caspase-1-dependent processing of IL-1p in THP-1
cells through a mechanism involving prenylation inhibition (37). Similarly, fluvastatin reportedly induc-
es caspase-1-dependent release of mature IL-1p through a mechanism involving ATP release (38), and
pravastatin induces IL-1f and IL-18 in macrophages through induction of mitochondrial reactive oxygen
species (39). A recent report also found that ARDS patients treated with rosuvastatin tended to have higher
plasma levels of IL-18 (40). Taken together with these results, our finding that rosuvastatin treatment is
associated with increases in both caspase-1-dependent (inflammasome) (IL-1f, IL-18) and —independent
(IFN-y, TNF-o, IL-5, IL-6, IL-15) cytokines is thus consistent with prior reports on rosuvastatin and other
statins. The reason for divergent findings for statins in inflammation is unclear but may possibly relate to
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technical/biological differences across reports, including the specific statin formulation studied, as well
as the basal inflammatory state of the cells/subjects studied. Our finding that the upregulation of several
mediators by rosuvastatin was more pronounced in subjects with high-hsCRP status is consistent with
the latter possibility. A recent reanalysis of the HARP-2 trial found that only those ARDS subjects with a
“hyperinflammatory” subphenotype benefited clinically from treatment with simvastatin (41). Somewhat
similar to this, we found that several immune effects of rosuvastatin were dependent on baseline hsCRP
(Supplemental Tables 3 and 4), with several of these effects more pronounced in CRP-high subjects.

Our findings of reduced hemoglobin, MCHC, and erythrocyte number, and increased erythrocyte vol-
ume (MCV) during rosuvastatin treatment suggest complex effects of rosuvastatin on RBCs. In an analysis
of US national survey data, we previously reported that non-HDL-C is directly related to serum hemo-
globin and erythrocyte number, whereas HDL-C is directly related to MCV, suggesting communication
between cholesterol and erythrocyte biology (42). Rosuvastatin has been reported to reduce the cholesterol
content of erythrocyte membranes and to increase their fluidity/deformability (43-46). Moreover, statins
alter erythrocyte Na*/K*-ATPase activity and ATP release (45, 46). A post hoc analysis of the JUPITER
trial did not find any effect of rosuvastatin on hemoglobin mass (47), nor did a study of a 24-week course
of atorvastatin in 81 hypercholesterolemic subjects (48); however, neither study reported MCHC or MCV.

Some prior reports have suggested that statins may increase glucose intolerance or even increase the
incidence of diabetes mellitus (49, 50). The magnitude of this risk and its underlying mechanism are both
poorly defined. Of interest, glucagon significantly increased during rosuvastatin therapy. In parallel, and
possibly in compensation, insulin, C-peptide, and the insulinotropic hormone GLP-1 (51) all also increased
during rosuvastatin administration. Of the 4, only glucagon and GLP-1 normalized after drug discon-
tinuation. Future studies are warranted to investigate the possibility that statins impact glucose tolerance
through alteration of glucagon and/or GLP-1 levels.

Limitations of our report should be noted. Our study is limited by its small size, its 28-day treatment
duration, and its focus on a single statin, and thus will require independent validation. The changes we
report with rosuvastatin treatment and withdrawal are also modest in magnitude and of uncertain physi-
ologic significance, and most did not persist after multiple-testing correction. We also cannot discount the
possibility that some of the effects we report could be secondary to drug toxicity (e.g., muscle or hepatic
inflammation). In addition, particularly in a small study such as this, interindividual environmental differ-
ences such as physical or psychological stress could have influenced the results. It is also possible that the
1-week washout period was insufficient. Although renal impairment and diabetes mellitus were exclusion
criteria, these conditions are not routinely avoided in selection of patients for statin therapy in the clinical
arena. Finally, the soluble mediators analyzed by Luminex were run in 2 batches, of which the second com-
prised 12 measurements made on 3 CRP-high subjects. In order to address the possibility of batch effects,
we ran a sensitivity analysis adjusting for batch number, but found that this did not materially change the
findings for rosuvastatin effect, rosuvastatin discontinuation, or rosuvastatin X CRP interactions. Specifi-
cally, there was no change in the measures found to have P < 0.05 in Table 3, Supplemental Table 3, or Sup-
plemental Table 4, whereas 2 measures in Table 2 (effect of rosuvastatin treatment) rose marginally above
the significance threshold (IL-5 [P = 0.054] and IL-6 [P = 0.053]). In a separate analysis, we found that
omission of data for the 3 CRP-high subjects in batch 2 did substantially reduce the number of significant
baseline differences detected between CRP-low and -high subjects (Supplemental Table 5).

Remarkably, subjects receiving the same dose of rosuvastatin or atorvastatin may have as much as a
45-fold variability in plasma concentration of the drug (52). This variation is almost certainly genetic, as
more than 40 genes have been identified to date that affect statin efficacy and safety (53). Although we did
not measure serum rosuvastatin levels in study participants, the prompt and sustained reduction in LDL-C
observed in all subjects (Figure 2B) strongly suggests that all had therapeutic rosuvastatin levels. As differ-
ent statins with varying physicochemical properties (e.g, hydrophobicity vs. hydrophilicity) may potentially
have distinct biological properties, future studies may be warranted to compare the immune effects of dif-
ferent statin formulations. The complexity of statin pharmacogenomics suggests that the effect of statins
on the immune system will be found to be genetically regulated, and perhaps that the differences in statin
immune response phenotypes may be more granular than can be achieved by dichotomizing patients by
hsCRP level. Although our study was not designed to identify novel inflammatory biomarkers that aid in
prediction of statin immune effects, we propose that some of the biomarkers that we found to segregate
best between CRP-low and -high subjects — such as IL-6, IL-1Ra, IFN-y, and resistin (Supplemental Table
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2 and Supplemental Figure 1) — may be interesting candidates. Detection of robust effects of statins on
the human immunome may also require immune challenge (e.g., vaccination, infection) as suggested by
the greater response magnitude of rosuvastatin in CRP-high compared with CRP-low groups (Figure 3 and
Supplemental Table 3). Indeed, given that several of the changes seen with rosuvastatin were more promi-
nent in, or restricted to, CRP-high subjects and most were modest in magnitude, one conclusion that could
reasonably be drawn from our findings is that rosuvastatin induces minimal changes in the steady-state
immunome in normocholesterolemic CRP-low subjects.

In summary, we have performed a comprehensive interrogation of the human immunome in healthy,
normocholesterolemic subjects treated for 28 days with rosuvastatin. We report that rosuvastatin in induces
a variety of immunologic, biochemical, and endocrinologic changes. Several new lipid-lowering agents that
work through distinct mechanisms have either been approved or are currently under regulatory review for
use in human subjects (54). Some of these drugs, such as bempedoic acid, have been shown in preliminary
studies to reduce hsCRP (54), whereas others, such as anti-PCSK9 antibodies, appear not to do so (55).
Given that some of the immunomodulatory and cardioprotective effects of statins in hypercholesterolemic
subjects have been shown to be independent of cholesterol lowering (15), it will now be critical to compare
the immune effects of statins with these newly emerging drug classes.

Methods

Clinical protocol. The study was designed to recruit up to 30 healthy individuals with normal serum choles-
terol (LDL-C <130 mg/dL), with the intent of enrolling 20 evaluable healthy subjects, 10 of them with
hsCRP =2 mg/L and 10 with hsCRP <2 mg/L, as per the JUPITER trial (23). Inclusion criteria were
healthy status (confirmed by history, physical examination, and routine blood work), age =18 years, and
LDL-C <130 mg/dL. Exclusion criteria were pregnancy or active lactation, abnormal liver function tests
(AST >34 U/L; ALT >41 U/L,; total bilirubin >1.0 mg/dL; alkaline phosphatase >116 U/L), elevated
serum creatine kinase, other contraindications to statins (e.g., renal impairment, diabetes mellitus, statin
hypersensitivity), and statin usage within 6 months prior to enrollment. Participants were advised not to
initiate any new medications, including over-the-counter drugs, during study participation. After study
enrollment, subjects underwent a 1-week washout period, during which they were requested to refrain from
nonsteroidal antiinflammatory drugs, antihistamines, corticosteroids (including topical agents), and niacin
preparations. Medication and supplement use reported by participants at enrollment is shown in Supple-
mental Table 6. Blood was collected at the end of the 1-week washout immediately prior to the first dose
of a 4-week course of rosuvastatin (20 mg daily) and again 2 weeks (+2 days), 4 weeks (+2 days; time of
rosuvastatin discontinuation), and 6 weeks (+2 days) later. Participants were questioned about rosuvastatin
adherence and pill counts were performed during study visits. Study flow is depicted in Figure 1.

Flow cytometry for comprehensive immunophenotyping. Methods are as previously reported (25). In brief,
peripheral blood mononuclear cells were isolated by Ficoll separation and cryopreserved at —20°C according
to NIH Center for Human Immunology (CHI) protocols (https://chi.niaid.nih.gov/web/new/our-research/
SOP-Isolation.pdf). Thawed cells were washed and resuspended in PBS. Viability was assessed using LIVE/
DEAD Agqua fixable viability dye (Life Sciences), followed by a wash in FACS staining buffer (PBS supple-
mented with 1% normal mouse serum, 1% goat serum, 0.02% sodium azide) (Gemini Bio-Products). Cells
were stained according to our previously published protocols (25) for 5 tubes of the CLIP panel (Tregs, Th17,
Th1/Th2, B naive/memory, and NK cells) (Supplemental Table 1 and Supplemental Figure 4). Acquisi-
tion was performed using a Becton Dickinson LSR Fortessa equipped with 5 lasers (355-nm, 407-nm, 488-
nm, 532-nm, 633-nm wavelengths) with 22 photomultiplier tube (PMT) detectors. Data were acquired using
FACSDiva 6.1.2 software (BD), and we ensured that a minimum of 50,000 CD4" T cells was recorded to be
able to accurately assess minor cell populations. Further details are as described in Olnes et al. (25).

Luminex assay. Plasma was collected and stored at —20°C per NIH Center for Human Immunology
protocols (http://www.nhlbi.nih.gov/resources/chi/documents/SOP-Isolation.pdf). Luminex assays
were performed according to previously published methods (25) and per the manufacturer’s instructions
using kits from Bio-Rad: 27-plex cytokine group I, 21-plex cytokine group II, 10-plex diabetes, 4-plex
and 5-plex acute phases. Median fluorescence intensities were collected on a Luminex-100 instrument
(Bio-Rad), using Bio-Plex Manager software version 6. Standard curves were generated for each cyto-
kine using lyophilized standards. Cytokine concentrations were determined from standard curves using
logistic regression. Samples were run in duplicate and the averages used for analysis.
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Clinical laboratory analyses. Complete blood cell count and differentials, CRP (‘CRP.btris,’ referring to
the hsCRP assay run in the NIH Clinical Center clinical laboratory), and serum lipid levels were quantified
using standard clinical laboratory instruments in the NIH Clinical Center (Supplemental Table 1).

Statistics. For study sample size calculation, it was considered that for the change in the percent-
age of HLA-DR-expressing CD4* T cells from baseline to the end of the study (a measurement of
interest), a sample size of 20 evaluable participants would provide 82% power for a 0.05 level 2-sided
t test for the null hypothesis that the mean change is 0 versus the alternative that the mean change is
—0.73, assuming that the standard deviation of the percentage of HLA-DR-expressing CD4* T cells
is 0.778 (20). Outcome measures with either >10 missing observations or <14 nonzero observations
were excluded from analysis; the excluded variables are indicated in Supplemental Table 1. Given the
small sample size and skewed distribution for many measures, Wilcoxon’s rank-sum test was used to
determine measurement differences between normal- and high-hsCRP subjects at baseline. For testing
the effect of rosuvastatin treatment and discontinuation, linear mixed models with random intercepts
for each subject were used. Treatment effect was assessed by comparing observations after rosuvastatin
treatment (days 14, 28, and 42) versus day 0, and discontinuation effect was assessed by comparing
observations after treatment discontinuation (day 42) versus observations when treatment was ongoing
(days 14 and 28). We first determined whether log transformation was needed for each variable based
on Shapiro-Wilk test of normality. The log-transformed data were used in the regression analysis if
distribution of the residues was closer to normal after the transformation. Variables that were log
transformed are indicated in Supplemental Table 1. All models were run with adjustment for age sex,
and race. Luminex assays were run in 2 batches; for each, a standard curve was applied for quantita-
tion. In separate analyses, we also evaluated whether statin effects differed between normal- and high-
hsCRP subjects (i.e., interactions between rosuvastatin and baseline hsCRP). Spearman’s correlation
analysis using data from all individuals and all time points was performed using the “rcorr” function
of the “Hmisc” package in R. All analyses were performed using R version 3.5.3.

Study approval. After completing informed consent, volunteers were enrolled in #10-H-0165, an NIH
protocol approved and monitored by the NHLBI/NIH Institutional Review Board in accordance with the
Declaration of Helsinki and registered under clinicaltrials.gov (NCT(01200836).
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