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Abstract
Objective—Plasma microRNAs are modulated during disease and are emerging biomarkers;
they have not been characterized in HIV infection. Using our macaque/simian immunodeficiency
virus (SIV) model of HIV, we sought to identify a plasma miRNA profile of acute lentiviral
infection, evaluate its relationship with known cellular and viral determinants of lentivirus-
associated CNS disease, and explore the potential of miRNAs to predict CNS disease.

Design—Plasma samples were obtained pre-inoculation and ten days post-inoculation from SIV-
infected macaques.

Methods—Plasma miRNA expression profiles were determined by TaqMan low density array
for six individuals. miRNA expression was compared with levels of cytokines, virus, and plasma
platelet count. miRNA results were confirmed by single miRNA-specific assays for ten macaques.
Nineteen individuals were used to validate a disease prediction test.

Results—A 45-miRNA signature of acute infection (differential expression with p<0.05 after
multiple comparison correction) classified plasma as infected or not. Several differentially
expressed miRNAs correlated with CNS disease-associated cytokines IL-6 and CCL2 and
included predicted and/or validated regulators of the corresponding mRNAs. miRNAs tracked
with viral load and platelet count, also predictors of CNS disease. At least six miRNAs were
significantly differentially expressed in individuals with severe versus no CNS disease; in an
unweighted expression test, they predicted CNS disease.
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Conclusions—Acute-phase differential expression of plasma miRNAs predicts CNS disease
and suggests that CNS damage or predisposition to disease progression begins in the earliest phase
of infection. Plasma miRNAs should be investigated further as leading indicators of HIV diseases
as early as acute infection.

Keywords
HIV; SIV; microRNA; biomarker; acute infection; plasma; HIV-associated neurocognitive
disorders

Introduction
Despite the availability of effective antiretroviral therapy [1], HIV-associated
neurocognitive disorders (HAND)—including HIV-associated dementia, minor cognitive/
motor disorder, and asymptomatic neurocognitive impairment(HAND) [2-4]— are a
growing burden as the HIV-infected population expands and ages. These disorders lie at an
etiologic intersection of viral and pharmacologic causes, immune responses, comorbidities,
and aging [5], with no established biological diagnostic or predictive tools [6]. Reported
biomarkers are measured mostly in brain tissue or cerebrospinal fluid (CSF) [7]. New, less
invasive metrics of HAND risk and progression could guide decisions about treatment
timing and regimen [8] and open novel therapeutic avenues.

Ideal HAND biomarkers would have prognostic value even during acute infection,
especially because damaging effects of early host responses may persist. The increasing
prevalence of HAND despite viral suppression through ART [1] demonstrates that although
retroviruses contribute directly to neuropathology [7], host responses to infection are also
etiologically important. Indeed, CNS innate responses persist without active viral spread [9].
The extent to which acute phase host responses contribute to or predict the development of
HIV diseases such as HAND remains incompletely understood and difficult to explore in
patient cohorts. Our validated SIV/macaque model of AIDS and HIV CNS disease, which
has yielded several important CNS disease biomarkers [10-13], allows longitudinal
monitoring even during the first days of infection.[14, 15]. Here, we report the results of our
search for microRNA (miRNA) biomarkers of HAND using this model.

miRNA signatures have emerged as promising disease biomarkers [16] and are particularly
useful when found in blood, obviating the need for tissue biopsy or CSF. Plasma miRNAs
are remarkably stable [17], providing a window into largely inaccessible tissue
compartments such as brain [18-21]. No studies have explored plasma miRNAs as
biomarkers of lentiviral disease. Research has focused on the reciprocal influence of HIV
and host miRNAs in cultured cells [22, 23]; miRNA profiles in cells [24] or tissue [25, 26];
and proposed HIV-encoded miRNAs [27].

We describe a plasma miRNA signature of acute infection in which at least 45 plasma
miRNAs are differentially expressed by ten days post-inoculation (dpi). This signature
includes miRNAs that are involved in innate immune regulatory networks and correlate with
CNS antiviral responses. Moreover, differential expression of at least six miRNAs predicts
the development of CNS disease.
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METHODS
Ethics statement

Animal studies were approved by the Johns Hopkins University Institutional Animal Care
and Use Committee and conducted in accordance with the Weatherall Report, the Guide for
the Care and Use of Laboratory Animals, and the USDA Animal Welfare Act.

Animal studies
Plasma samples were from pigtailed macaque studies (See Table, Supplemental Digital
Content 1, list of macaques) involving dual-inoculation with an immunosuppressive SIV
swarm and a neurotropic clone [28]. Pre-inoculation and 10 dpi plasma from three macaques
each that did or did not progress to encephalitis were analyzed by array. Plasma from four
additional macaques (two each with no or severe disease) were added for qPCR validation;
three pre-inoculation samples per animal and a 10 dpi plasma were used. Nine additional
sample sets were incorporated to assess a six-miRNAtest for CNS disease.

miRNA isolation
Total RNA was isolated from 100 ul of plasma (Ambion miRvana miRNA isolation protocol
for liquids). Synthetic ath-miR159a (UUUGGAUUGAAGGGAGCUCUA, Integrated DNA
Technologies, Coralville, IA), was added to normalize for processing variations and
measured with several endogenous miRNAs for quality control.

RT-qPCR arrays, analysis, and data availability
Plasma RNA was amplified with TaqMan Array Human MicroRNA A+B Cards v3.0
(Applied Biosystems, ABI). Data were analyzed by HTqPCR [29], DataAssist (ABI), BRB-
ArrayTools (http://linus.nci.nih.gov/BRB-ArrayTools.html) [30], and MultiExperiment
Viewer (http://www.tm4.org/mev/) [31]. (See also Text, Supplemental Digital Content 2,
supplemental methods). Array data were deposited with GEO (ID GSE26057, http://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?token=jxilbemiuamakvc&acc=GSE26057)

Viral load and ELISAs
Viral load was measured by qPCR [32]. ELISAs for IL-6 and CCL2 were from R&D
Systems (Minneapolis, MN) [32].

Individual RT-qPCR assays
TaqMan miRNA assay (ABI) reverse transcription and real-time steps followed the
manufacturer's protocol (See also Text, Supplemental Digital Content 2, supplemental
methods). Delta-delta Ct (ΔΔCt) analysis included normalization to ath-miR159a spike-in
and comparison of each 10 dpi sample to the mean of up to three pre-infection samples.

Sequence analyses
MicroRNA sequences were obtained from miRBase [http://mirbase.org [33]]. Human/
macaque genomic comparisons were performed with UCSC genome browser (http://
genome.ucsc.edu).

Target predictions
A Perl program combined RNAhybrid [34], TargetScan [35], and MiRanda [36] target
prediction algorithms, assigning a score to candidate macaque miRNA/3’ UTR pairs by the
number of programs predicting interaction and the number of calls per UTR.
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Statistical methods
Two-tailed t-tests (paired when appropriate) were done with or without Welch's correction;
multiple comparison correction was by Benjamini-Hochberg method [37]. Values below
0.05 were considered significant; those below 0.1 were considered to approach significance.
Assessment of PCR results was based on ΔΔCt. Viral loads were log-transformed.

Six-miRNA prediction test
An unweighted composite expression change score was generated from six miRNAs with
pre- to post-infection expression changes in animals with no versus severe disease. Animal-
specific miRNA expression changes were adjusted by the corresponding mean value of
animals with no CNS disease. Negative scores were zeroed. Values were summed to
generate a composite score.

RESULTS
~250 plasma miRNAs detected by PCR array

TaqMan low-density arrays identified differentially expressed miRNAs in plasma from six
pigtailed macaques (Macaca nemestrina) prior to and at ten dpi. Almost 250 miRNAs, on
average, were detected in each sample, with over 120 miRNAs detected before Ct=30 (see
Figure, Supplemental Digital Content 3, Ct density curves and the effects of normalization,
filtering). There was a significant decrease in the number of miRNAs detected in acutely
infected plasma (average=241) compared with pre-infection plasma (average=256; Fig. 1A,
“All”). A decrease was also apparent when the analysis was restricted to relatively abundant
miRNAs (115 versus 130; Fig. 1A, “Ct<30”). Although these assays were designed to detect
human miRNAs, 97% of miRNAs expressed in macaque brain [38], as well as most
predicted macaque miRNAs [39], have 100% identity with human orthologs. We have
obtained concordant miRNA PCR results with human and macaque samples [40].

Robust plasma miRNA profile changes accompany acute retroviral infection
We used three complementary analyses [hierarchical clustering, principle component
analysis (PCA) and random forest class prediction] to determine whether expression of
miRNAs defines a signature of acute infection. Hierarchical clustering separated the samples
into two distinct groups, representing pre-infection and acute SIV infection (Fig. 1B; see
also Figure, Supplemental Digital Content 4, depicting the influence of normalization,
filtering, and clustering method). PCA also revealed pre- and acute infection clusters (Fig.
1C). 10 dpi plasma from one animals (CT64, the only female) fell between pre-infection and
acute samples in a method-dependent manner, often with greatest proximity to the pre-
infection sample (See Text, Supplemental Digital Content 5, notes on gender, miRNAs, and
HIV). Random forest correctly classified samples as infected or uninfected with 100%
positive and negative predictive power (See Table, Supplemental Digital Content 6, random
forest results and classifying miRNAs).

Differentially expressed miRNAs
To identify differentially expressed miRNAs, we used two analysis programs (HTqPCR [29]
and DataAssist) and multiple normalization strategies (for details, see Supplemental
Methods; Text, Supplemental Digital Content 7, summary of normalization options; and
Table, Supplemental Digital Content 8, a comparison of results). 45 miRNAs were
significantly differentially expressed in plasma at 10 dpi compared with pre-infection (Fig.
2: miRNAs with corrected p<0.02; se also Table, Supplemental Digital Content 9,
presenting all differentially expressed miRNAs). This represents a minimum number of
differentially expressed miRNAs for three reasons. First, the significance testing assumes
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independence of the individual tests, but some miRNAs are co-regulated. Second,
alternative analyses suggested several additional candidate differentially expressed miRNAs,
such as miR-21 and miR-34a. Third, quantile normalization may mask differences among
highly-expressed miRNAs, e.g., miR-21.

Validation of array results by qPCR
Array results were validated by individual quantitative stem-loop real-time PCR for selected
differentially expressed and unchanged miRNAs. Seven differentially expressed RNAs
(miRs -1274A, -1233, -190b, -660, -146a, -155, and -34a*) were drawn from HTqPCR
analysis; two (-21 and -34a) were from DataAssist analysis, and the tenth was RNU48. The
five unchanged miRNAs were let-7b and -130b, -186, -411, and -424. Plasma samples were
from the six macaques analyzed by PCR array and four additional macaques. We included
up to three pre-infection samples per animal to address the possibility of pre-infection
miRNA variations. Eight of ten differentially expressed RNAs were confirmed (Fig. 3A).
For miR-155, results were confirmed for the original six animals, but differential expression
was not significant in the expanded group. All five miRNAs with no significant changes
according to array analysis were confirmed as unchanged (Fig. 3B). A discordant outcome
was found for only one miRNA, miR-190b (Fig. 3B, box).

Coregulation of differentially expressed miRNAs during acute lentiviral infection
To assess whether plasma miRNAs are related by genomic proximity or transcriptional
environment, we performed all pairwise correlations of miRNAs followed by hierarchical
clustering (see Figure, Supplemental Digital Content 10, dendrogram depicting related
miRNAs). Several miRNAs grouped by genomic proximity. Five of six members of the
miR-17-92 cluster [41] were detected. miRs -17, -19b, and -20a grouped together, as did
-19a and -92a. miRs -1 and -133a are encoded antisense to the E3 ubiquitin-protein ligase
MIB1 on chromosome 18 (human and macaque); their levels correlated significantly (p <
0.005). miRs -193b and -365 were also significantly correlated (p < 0.0002) and located
within a 5 kB region on chromosome 16 (human) or 20 (macaque). Other miRNAs may be
related by proximity to transcription factor binding sites. miRs -155 and -223,
downregulated during acute infection as analyzed by array, correlated significantly (p <
0.0001). Although located on different chromosomes—21 and X (human), 3 and X
(macaque)—they are encoded near C/EBPβ and POU-domain transcription factor binding
sites. C/EBPβ has activating and inhibitory forms. The latter is preferentially induced by
acute innate immune responses [42]. miRs -374a and -374b are encoded near similar binding
sites. Their expression levels correlated (p < 0.002), and -374b clustered with miRs-155 and
-223.

miRNAs correlate with innate immune responses that predict CNS disease
To investigate the link between plasma miRNAs and innate immune responses with
implications for CNS disease, we calculated correlations of plasma miRNA levels with the
abundance of two cytokines that predict CNS disease in our model, IL-6 and CCL2. We also
wrote a program that integrates results of three miRNA target prediction algorithms to assess
the potential for direct miRNA regulation of the macaque IL-6 and CCL-2 3’ UTRs.
Negatively correlated miRNAs with predicted target sites are strong candidates for direct
regulation of the corresponding transcript. Several miRNAs with negative correlations to
CCL2 protein were predicted to interact with the CCL2 3’ UTR (Table 1). However, no
miRNAs with positive correlations were predicted. For IL-6, members of the let-7 family,
along with miRs -210, -26a, -30b, and -30c, have predictedbinding sites in the 3’ UTR and
are negatively correlated (Table 1). Only one positively correlated miRNA has a predicted
target. Importantly, human IL-6 is directly regulated by let-7 family members [43], and the
human and macaque IL-6 miRNA recognition elements in the 3’ UTR are identical. Here,
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let-7 members have the strongest correlations with IL-6 (Figure, Supplemental Digital
Content 11, let-7e and IL-6 expression).

miRNAs correlate with viral load and platelets
We next sought miRNAs that correlate with two additional biomarkers of lentiviral CNS
disease: CSF viral load [28] and plasma platelet count [13]. Several plasma miRNAs
correlated positively with viral load (see Table, Supplemental Digital Content 12, showing
miRNAs correlated with viral load). These miRNAs may be upregulated by the virus or
antiviral responses, target the transcripts of antiviral proteins, or directly enhance virus
production. We did not find plasma miRNAs with strong negative correlations with virus. In
contrast, many miRNAs were found to correlate positively or negatively with platelet count
(see Table, Supplemental Digital Content 13, platelet-miRNA correlations).

miRNAs associated with CNS disease severity
RT-qPCR assays also showed that at least six miRNAs— -125b, -21, -34a, -1233, -130b,
and -146a—were differentially upregulated in animals that developed severe versus no CNS
disease (Fig. 4A). Change in expression was significant for -125b, -21, -34a, and -1233 and
approached significance for -130b and -146a. For comparison, there were no significantly
different changes for miRs -34a* (the hairpin partner of miR-34a), -155, -1274A, and let-7b.

A six-miRNA expression test predicts CNS disease
A robust predictive tool for HAND or its constituent disorders is likely to consist of multiple
components [44]. Therefore, we combined results for the six validated, upregulated miRNAs
into an unweighted composite test of expression change. Samples from nine additional
animals were added to the analysis, for a total of 19. 13 of 14 animals that developed CNS
disease scored higher than all five no-disease controls (Figure 4B; p<0.0005). With values of
0, 1, 2, 3, and 4 assigned to none, mild, moderate, and severe CNS disease, respectively,
composite expression scores correlated with outcome severity ( r=0.68, p<0.002). However,
omitting the no disease samples, the severity/score correlation was not significant (see also
Figure, Supplemental Digital Content 14, graph of individual components of the prediction
tool, stressing the necessity of a multi-component predictive tool). Increased expression of
these six miRNAs thus associates with CNS disease development.

DISCUSSION
We demonstrate for the first time that acute retroviral infection is accompanied by changes
in circulating host miRNA levels, defining a signature that successfully classifies plasma as
infected or uninfected. Further, we propose the first circulating miRNA biomarkers for
lentivirus-associated CNS disease: six plasma miRNAs, as components of a composite test,
predict development of CNS disease in our macaque/SIV model. The conservation of
primate miRNAs [38, 39] and the similarities of immunologic and virologic parameters in
our model and HIV infection [15, 45, 46] suggest implications for human disease, justifying
intensified investigation of plasma miRNAs as biomarkers for HIV-associated diseases.

miRNAs are not simply incidental biomarkers; they can also illuminate disease pathogenesis
and accelerate the search for therapeutics. Our results show that let-7 family members, direct
regulators of IL-6 [43], inversely correlate with this known predictor of CNS disease in the
macaque model. In addition, at the height of IL-10 production [15], miR-146a is upregulated
and miR-155 downregulated, mirroring recent results in mouse and human [47, 48].
miRNAs may be important targets for immunotherapy of retrovirus-associated conditions.
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miRNAs also correlate with platelet count, another validated predictor of lentiviral CNS
disease in macaque and human. Platelets contain an abundance of functional miRNAs
[49-52], which play an important regulatory role because only post-transcriptional regulation
is possible in these anucleate cell fragments. Platelet decline during retroviral disease can be
caused by progenitor deficiency, abnormal activation, immunological destruction, and
exposure to high levels of cytokines [53, 54], but reasons for the ties between platelet
decline and CNS disease remain unclear. Our data suggest that miRNAs may provide insight
into the underlying molecular events, and that platelets are an important source of plasma
miRNAs.

The plasma miRNA signature of acute infection likely reflects both virus-specific and
general inflammation-associated responses. A subset of signature miRNAs correlate with
virus levels. miR-221, reduced in 10 dpi plasma, is similarly suppressed in HIV-transfected
cells [55]. In contrast, miR-146a upregulation may be a general response, modulating
potentially damaging inflammation. Although several studies have examined plasma
miRNA profiles during chronic viral infection (e.g., [56, 57]), comparison with acute
infections is needed to pinpoint retrovirus-specific responses within our results.

Curiously, no miRNAs had significant negative correlations with viremia, as one might
expect of miRNAs with direct anti-HIV properties, including miR-29 family members [58,
59] and those that inhibit HIV replication through the viral UTR, e.g., in resting CD4+ T
lymphocytes [22]. This finding should not, however, be interpreted as inconsistent with
antiviral roles for miRNAs. There is no reason to assume that cells with miRNA-mediated
virus resistance would specifically export protective miRNAs. Because these cells are only a
fraction of those contributing miRNA to the blood, their miRNAs may not be released in
amounts sufficient to cause significant change in plasma levels. Furthermore, antiviral
miRNAs could be an intrinsic host defense: rising concentrations of viral RNA would shift
the balance of miRNA targets, making virus regulation more favorable stoichiometrically or
kinetically even without miRNA expression changes.

In contrast, the miRNAs described here are important in the developing, normal, and
diseased brain, including miRs -132 (Fragile X [60], Alzheimer's [61]); -155 (Down
syndrome [62, 63]); the let-7 family (neuronal differentiation [64], synaptic development
[65], opioid receptor regulation [66]);-18a (glucocorticoid receptor/stress [67]); and -103,
-191, -30b/c, and -495, which decrease in plasma by 10dpi and regulate the neuroprotective
factor BDNF [68]. miRs -155, -26a, and -34a are associated with Interferon beta [40, 69],
the most important Type I interferon in brain [70]. Of the six CNS disease-predictive
miRNAs (-21, -34a, -125b, -130b, and -146a), at least five are expressed in brain [38, 71].
miR-21 is upregulated by excitotoxic processes, targeting the neuroprotective transcription
factor MEF2C in HAND [72]; expression changes are reported in glioblastoma [73] and
brain trauma [21]]. miR-34a is involved in neuronal apoptosis and was targeted for knock-
down in a murine Alzheimer's Disease (AD) model [74]. miR-125b is implicated in Down
Syndrome [63, 75] Fragile X [60], and AD[62]. Also AD-associated [76], miR-146a is
upregulated in HIV encephalitis [77] and is tied to Rett syndrome [78] and epilepsy [79].
miR-130b expression marks glioma progression [71].

It is also noteworthy that miR-125b targets p53 [80], whereas miR-34a is stimulated by p53
[81, 82], targets SIRT1 [82], and contributes to replicative senescence [83] and aging in
primate brain [84]. Upregulation of miRs -125b and -34a suggests that aging-related
regulatory processes are engaged in an escalating conflict during acute infection. The
outcome of this arms race could affect long-term predisposition to lentivirus-associated
neurologic disease and premature aging.
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How and why would plasma biomarkers reflect processes in the CNS? Possible answers are
not necessarily mutually exclusive. First, many but not all [14] host responses to infection
are shared by periphery and CNS [15, 85]. A second link is the blood-brain barrier (qua
“relay station”): plasma or brain miRNAs and cytokines influence barrier signaling or
physically cross it. The endothelium is an important source of CNS cytokines [86], and
release of miRNAs into circulation would couple plasma miRNAs and CNS cytokines by
reciprocal regulation in a common compartment. Further research is needed to show if and
how plasma miRNAs move from blood to brain; that brain-derived factors affect peripheral
miRNA synthesis ; and that the blood-brain barrier endothelium is an important source of
plasma miRNAs.

Third, miRNAs within the CNS may be exported. The physical disruption of brain trauma,
in which plasma miRNA profiles change substantially [19], presents an obvious mechanism
for miRNA transfer, and vascularization explains miRNA-containing glioblastoma vesicles
in blood [18]. However, changes in plasma miRNA during therapy for mental disorders [20]
suggest an export process. We posit that miRNAs are released from brain cells, perhaps for
signaling purposes [87], and enter circulation through regions with minimal blood-brain
barrier (e.g., choroid plexus, hypothalamus) or collect in CSF. CSF is renewed several times
each day, its contents filtered into the blood. Concentration in CSF and plasma half-life of
theoretical CSF-derived miRNA-containing protein complexes [88], lipoprotein particles
[89], or microvesicles would determine the relative concentrations of CSF and plasma
miRNAs. Longitudinal CSF and brain tissue profiling, including measurements of acute
phase samples, is uniquely possible with the SIV-macaque model and will elucidate links
between brain, CSF, and blood miRNAs. It will show how early these miRNAs (and their
targets) are affected in brain, and the effect of miRNA regulatory networks on CNS
outcomes.

We note that expression change in the individual macaque, not absolute miRNA levels at
one time point, was predictive of disease. Ongoing work will establish whether single time-
point levels suffice at later stages of infection or whether a pre-infection baseline is a
universal requirement. However, this finding has implications for the sensitivity of miRNA
testing in general. miRNA biomarkers have been proposed for many diseases and miRNA-
based diagnostics are currently in development. Samples from individual patients, stored
prior to infection or disease, would provide ideal controls, increasing sensitivity and
multiplying the potential applications of miRNA profiling. It may thus be worthwhile to
examine the feasibility of banking plasma samples from healthy individuals.

In summary, our observations suggest that physiological changes during acute retroviral
infection predict and/or contribute to the pathogenesis of incompletely understood HIV-
associated disorders such as HAND and HIV-associated premature aging. Human samples
should be studied to confirm that miRNAs, including those reported here, are associated
with human disease. Further human and animal studies are needed to determine the extent to
which plasma miRNAs affect disease processes, and whether altering their expression
therapeutically will influence disease progression. As demonstrated by miR-122 and
Hepatitis C virus, for which a miRNA-targeting treatment is effective in non-human
primates [90] and has entered Phase II trials, miRNA biomarkers provide clues to disease
pathogenesis and furnish novel therapeutic targets. These are urgently needed as the
prevalence of HAND continues to rise.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. miRNAs detected in macaque plasma distinguish infected from uninfected samples
A. Compared with pre-infection plasma, at ten days post- infection, there was a significant
decrease (p=0.015, paired t-test) in the total number of detected miRNAs (“All”). In all but
one individual, the decline (p=0.026) also occurred among relatively abundant miRNAs that
amplified before cycle 30 (“Ct<30”). B. Hierarchical clustering of infected (red) and
uninfected (blue) samples. C. Principle component analysis identifies clusters based on
infection status. The input for analyses in B. and C. was the set of all miRNAs detected by
RT-qPCR array.
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Figure 2. miRNAs differentially expressed from pre-infection to ten days post-infection
Quantile-normalized array data were assessed for significance, with Benjamini-Hochberg
correction for multiple comparisons. Differentially expressed miRNAs with p<0.02 (paired,
corrected t-test) are shown here. Abbreviations: T statistic (t), adjusted p value (adj. p), and
fold change (FC). The right column depicts the normalized threshold cycles of differentially
expressed miRNAs (p<0.02, paired t-test) for the six macaques before infection (circles) and
during acute infection (arrowheads).
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Figure 3. Validation of array results by individual qPCR
Individual quantitative PCR assays confirmed differential expression (A) or lack thereof (B)
for 14 selected RNAs. The box (B) indicates a discordant result for miR-190b, which was
differentially expressed according to array analysis. Significance (two-tailed, one-sample t-
tests for difference from a theoretical mean of 0) is indicated as: p of 0.01 or below (*),
p<0.005 (**), p<0.001 (***). qPCR results were normalized to a spiked-in synthetic control
RNA.
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Figure 4. A subset of miRNA changes during acute infection are associated with CNS disease
outcome
A. RT-qPCR results (-ΔΔCt, with normalization to ath-miR159a spike-in control) from pre-
infection to 10 dpi for samples from all ten animals used in the validation of array results
were re-analyzed after grouping by known CNS disease outcome: ‘none’ or ‘severe’
pathology. Significance is indicated by ** (p<0.01); * (p<0.05); and ^ (p<0.1). P values
were determined by Student's t-test; error bars are standard error of the mean. B. An
unweighted composite expression score based on the sum of expression changes of miRNAs
-125b, -34a, -21, -1233, -130b, and -146a was calculated for each animal. Expression score
means for the group with no apparent CNS disease and the group of all animals with CNS
disease were significantly different, as determined by an unpaired, two-tailed t-test with
Welch's correction. Values of 1, 2, 3, and 4 were assigned to none, mild, moderate, and
severe CNS disease, respectively, for calculation of the correlation coefficient (r).
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