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Abstract

The duration of immunosuppressive effects following oral cyclosporine in dogs is unknown. This 

study used flow cytometry and quantitative reverse transcription–polymerase chain reaction (qRT-

PCR) to evaluate the effects of high-dose oral cyclosporine across a 12-h dosing interval. 

Expression of interleukin-2 (IL-2) and interferon-gamma (IFN-γ) was compared before and after 8 

days of cyclosporine at 10 mg/kg every 12 h in six healthy dogs. Samples were collected at 0, 2, 4, 

and 8 h postdosing for analysis of unactivated and activated T-cell and whole blood cytokine 

expression using flow cytometry and qRT-PCR, respectively, and at 0, 2, 4, 6, 8, and 10 h 

postdosing for measurement of cyclosporine concentrations. Flow cytometry and qRT-PCR both 

demonstrated significant marked reductions in IL-2 and IFN-γ levels at 0, 2, 4, and 8 h after 

dosing compared to pretreatment levels (P < 0.05) for activated samples, with less consistent 

effects observed for unactivated samples. Both flow cytometry and qRT-PCR are viable techniques 

for measuring cyclosporine pharmacodynamics in dogs, yielding comparable results with activated 

samples. Two hours postdrug administration is the preferred time for concurrent assessment of 

peak drug concentration and cytokine expression, and T-cell activation is needed for optimal 

results.

INTRODUCTION

Cyclosporine, a calcineurin inhibitor, is an important immunosuppressive agent in both dogs 

and humans. A potent inhibitor of T-cell activation, cyclosporine decreases the expression of 

nuclear factor of activated T-cell (NFAT) -regulated cytokines, including interleukin-2 

(IL-2), interferon-gamma (IFN-γ), and tumor necrosis factor-alpha (TNF-α) (Rao et al., 
1997). Cyclosporine is commonly used in the treatment of inflammatory and immune-

mediated diseases in dogs, but there is substantial controversy regarding appropriate dosage 
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regimens and how to best assess response to therapy. Pharmacokinetic monitoring is 

available, but there is limited information regarding appropriate therapeutic cyclosporine 

blood concentrations for various disease states in dogs (Archer et al., 2014). Veterinarians 

generally evaluate trough cyclosporine concentrations while, in human transplant medicine, 

peak concentrations collected 2 h postdosing are better correlated with both transplant 

rejection and the development of cyclosporine toxicity (Cantarovich et al., 1998; Citterio et 
al., 2001; Kahan, 2004; Mathias et al., 2005; Davies et al, 2007).

Blood cyclosporine concentrations in people do not predict patient response in all situations, 

and much work in human medicine has therefore been directed at pharmacodynamic 

monitoring of cyclosporine therapy (Hartel et al., 2002; Giese et al., 2004; Barten et al., 
2006, 2007; Sommerer et al., 2008; Kuzuya et al., 2009). Pharmacodynamic studies of 

cyclosporine typically involve assays of either calcineurin activity or lymphocyte function. 

Lymphocyte proliferation, surface antigen expression, and cytokine production have all been 

evaluated after cyclosporine therapy, with most work in veterinary medicine focusing on 

reductions in peripheral blood and affected tissue cytokine levels (Kyles et al., 2000; 

Kobayashi et al., 2007; Kuga et al., 2008; Tivers et al., 2008). Flow cytometry and 

quantitative reverse transcription–polymerase chain reaction (qRT-PCR) are two commonly 

used techniques to measure T-cell cytokine responses, but assess different outcomes. Flow 

cytometry measures actual protein levels, while qRT-PCR looks only at messenger 

ribonucleic acid (mRNA) expression, which does not necessarily correlate with protein 

production.

Previous work in our laboratory has both evaluated and validated techniques to measure 

cytokine levels in dogs treated with cyclosporine using flow cytometry and qRT-PCR 

(Archer et al., 2011; Fellman et al., 2011; Riggs et al., 2013). Our initial work demonstrated 

cyclosporine-mediated suppression of cytokines and activation-related surface antigens for T 

cells incubated with cyclosporine (Fellman et al., 2011), and subsequent work confirmed 

that IL-2 and IFN-γ are suppressed after oral cyclosporine administration in dogs (Archer et 
al., 2011). However, it has not been established if cyclosporine-mediated suppression of 

NFAT-regulated cytokines is consistent across the dosing interval, or if there is T-cell 

recovery as the next dose is approached. This study evaluated the levels of the cytokines 

IL-2 and IFN-γ measured using both flow cytometry and qRT-PCR across a 12-h oral 

cyclosporine dosing interval. Blood cyclosporine concentrations were also measured. The 

goals of this study were to compare results obtained using both flow cytometry and qRT-

PCR, and to determine the optimal time and method for pharmacodynamic measurement of 

cyclosporine’s effects on T cells.

MATERIALS AND METHODS

Dogs

This project involved six healthy, purpose-bred, adult female Walker hounds. Prior to the 

study, each dog received a physical examination, complete blood count, serum biochemistry 

profile, urinalysis, fecal flotation, and heartworm testing, with no significant abnormalities 

noted. Study protocols and animal care regimens were approved by the Mississippi State 

FELLMAN et al. Page 2

J Vet Pharmacol Ther. Author manuscript; available in PMC 2016 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



University Institutional Animal Care and Use Committee. Mississippi State University is 

accredited by the Association for Assessment and Accreditation of Laboratory Animal Care.

Cyclosporine administration

A repeated-measures design was used. Before drug administration, blood was collected from 

all dogs for pretreatment evaluation of IL-2 and IFN-γ using both flow cytometry and qRT-

PCR. The dogs were divided into two groups of three dogs to simplify sample processing. 

The first three dogs were then given oral microenaulsified cyclosporine (Atopica®, Elanco, 

Greenfield, IL, USA), at a dose of 10 mg/kg every 12 h for 8 days. On day 8, blood was 

collected immediately prior to the next dose (0 h or ‘trough’ sample), and at two-hour 

intervals (2, 4, 6, 8, and 10 h) after drug administration, for cyclosporine blood 

concentration determination. Additional blood was collected predosing (O h), and at 2, 4, 

and 8 h after dosing for cytokine analysis using flow cytometry and qRT-PCR. Six days after 

the first three dogs began drug administration, the other three dogs began oral cyclosporine 

at the same dose and had blood collected at the previously described time points after 8 days 

of treatment. All blood was collected using jugular venipuncture with a 20-gauge needle and 

syringe, with collected blood immediately transferred to heparinized vacutainers for 

cytokine evaluation, and ethylenediaminete-traacetic acid (EDTA) tubes for cyclosporine 

blood concentration determination.

Cyclosporine blood concentrations

Blood was collected into EDTA anticoagulant tubes, and shipped to the Auburn University 

Veterinary Clinical Pharmacology Laboratory on ice for analysis within 48 h of collection. 

Samples were thawed to room temperature and then mixed by inversion to assure 

homogeneity. Cyclosporine was detected in canine EDTA whole blood using the Siemens 

(New York, NY, USA) Cyclosporine Immunoassay® (CSA) and the Siemens Cyclosporine 

Extended Range Immunoassay® (CSAE) on a Siemens (New York, NY, USA) Dimension 

Xpand Plus® general chemistry analyzer. For CSA, the upper limit of quantitation was 500 

ng/mL, and the lower limit of quantitation was 25 ng/mL. CSA was calibrated using the 

Siemens CSA Calibrator®, and quality control was performed using More Diagnostics (Los 

Osos, CA, USA) RAP/TAC/CSA Controls®. For CSAE, the upper limit of quantitation was 

2000 ng/mL, and the lower limit of quantitation was 350 ng/mL, with the ability to dilute up 

to 6000 ng/mL. CSAE was calibrated with the Siemens CSAE Calibrator®, and quality 

control was performed using More Diagnostics Cyclosporine C2 Controls®.

Cytoldne analysis

Flow cytometry—Flow cytometric analysis was performed as previously described by our 

laboratory (Archer et al., 2011; Fellman et al., 2011), with modifications as described below. 

Antibodies used were as follows: FITC-conjugated monoclonal anti-dog cluster of 

differentiation 3 (CD3) (MCA1774F, AbD Serotec, Raleigh, NC, USA), RPE-conjugated 

monoclonal anti-bovine IFN-γ (MCA1783PE, AbD Serotec), and biotinylated anti-canine 

IL-2 (BAF1815, R&D Systems, Minneapolis, MN, USA). The secondary label for IL-2 was 

RPE-conjugated streptavidin (#60669, Anaspec, San Jose, CA, USA). Heparinized blood 

was diluted with complete media at a ratio of one part blood, nine parts media. Half of the 

FELLMAN et al. Page 3

J Vet Pharmacol Ther. Author manuscript; available in PMC 2016 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



diluted whole blood samples were not activated (‘unactivated’), and the other half were 

activated with 12.5 ng/mL phorbol 12-myristate 13-acetate (PMA, cat. P8139) and 0.8 μm 

ionomycin (cat. 10634), both purchased from Sigma-Aldrich (St. Louis, MO, USA). All 

samples were then incubated for 7 h at 37 °C in a 5% C02 incubator. Brefeldin A (cat. 

555029, BD Biosciences, San Jose, CA, USA) was added 1 h after activation at a final 

concentration of 1 μg/mL to stop cytokine secretion from T cells. After incubation, 350 μL 

of cell suspension was collected per sample, and anti-CD3 monoclonal antibody was added 

directly to the whole blood mixture and incubated for 25 min at room temperature in the 

dark. Red blood cells were lysed with BD PharmLyse (cat. 555899, BD Biosciences, San 

Jose, CA, USA) as recommended by the manufacturer. Cells were then fixed and 

permeabilized using the Becton Dickinson (BD) Cytofix/Cytoperm™ Plus Kit (cat. 554714, 

BD Biosciences, San Jose, CA, USA), stained for IL-2 and IFN-γ, and prepared for flow 

cytometry as previously described (Archer et al., 2011; Fellman et al., 2011).

A BD FACSCalibur™ flow cytometer was used for staining evaluation, with data analyzed 

using BD CELLQCEST
™ PRO software (BD Biosciences, San Jose, CA, USA). Lymphocytes were 

identified using forward scatter and side scatter, and 5000 lymphocytes were collected per 

sample. An additional gate identified CD3+ cells, and cytokine expression was measured 

from cells within the lymphocyte and CD3+ gates. Cell staining was measured using mean 

fluorescence intensity (MFI) values with single histogram statistics, and isotype controls and 

unstained samples were used as negative controls.

Quantitative RT-PCR—Heparinized whole blood was activated using 12.5 ng/mL PMA 

and 0.8 μM ionomycin. Another set of blood samples was left unactivated, and all samples 

were incubated for 5 h at 37 °C and 5% CO2. Total RNA was extracted and qRT-PCR 

analysis of IL-2 and IFN-γ expression performed as previously described by our laboratory 

(Riggs et al., 2013), with the minor modification of using 1.5 ng/μL RNA template in a 20 

μL final reaction volume. RNA was frozen at −80 °C until analysis, and samples from each 

dog were analyzed on a single qPCR plate. Reactions were analyzed on a Stratagene™ 

Mx3005P using Stratagene™ MXPRO QPCR software v4.10 for analysis (Agilent Technologies, 

Santa Clara, CA, USA).

Relative gene expression was assessed for threshold cycle (Ct) using the 2−ΔΔCt method 

where ΔΔCt = (CtGOI – Ctnorm)trated – (CtGOI – Ctnorm)untreated, GOI is the gene of interest, 

and norm is the reference gene (GAPDH) (Livak & Schmittgen, 2001).

Statistical analysis

A repeated-measures design was utilized in this study. Visual assessment of the data using 

histograms with UNIVARIATE procedure of SAS® for Windows® 9.3 (SAS Institute, Inc., 

Cary, NC, USA) indicated that the data were not normally distributed. Consequently, the 

data were transformed by talcing the reciprocal square root of each value. Histograms 

indicated the transformed data were approximately normally distributed. A separate mixed-

effects model for each outcome was used to test for a time effect using the MIXED 

procedure of SAS® for Windows® 9.3. A first-order autoregressive covariance structure was 

specified in the repeated statement to accommodate the repeated measures. For outcomes in 
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which time had a significant effect (P ≤ 0.05), comparisons were made between each pair of 

time points using differences in least square means. Tukey Kramer adjustment was used for 

adjustment of P values for the multiple comparisons. A P value of less than or equal to 0.05 

was considered to be significant for all analyses.

RESULTS

Cyclosporine blood concentrations

Blood cyclosporine concentrations are presented in Fig. 1. After 8 days of cyclosporine at 10 

mg/kg every 12 h, peak concentrations were found at two hours postdosing. At two hours 

postdosing, the range was 1944–5148 ng/mL, and the median was 3040 ng/mL. Trough 

concentrations (0 h) ranged from 375 to 1021 ng/mL, with a median of 701 ng/mL.

Cytokine analysis

Flow cytometry—Flow cytometry results are shown in Figs 2 and 3. Activated sample 

expression of IL-2 and IFN-γ was significantly reduced relative to pretreatment values at 0, 

2, 4, and 8 h after dosing for both cytokines (P < 0.05). There was also significantly reduced 

expression for the 2, 4, and 8 h samples relative to the 0 h (trough cyclosporine blood 

concentration) sample for IFN-γ, and for the 8 h sample relative to the 0 h sample for IL-2. 

All activated cyclosporine samples in all dogs at all post-treatment time points showed 

markedly lower protein expression than pretreatment samples (Fig. 2).

Unactivated sample analysis (Fig. 3) revealed significant reduction in IL-2 cytokine levels 

for hours 0, 2, 4, and 8 relative to pretreatment. IL-2 cytokine levels at hour 8 were also 

significantly lower than at hours 0, 2, and 4. Only hours 2 and 8 were significantly lower 

than pretreatment for IFN-γ levels, and hour 8 was also significantly lower than hour 0. 

There was an overall smaller difference in MFI across the sampling times for unactivated 

samples than for activated samples, largely due to unactivated pretreatment samples having 

much lower fluorescence than activated pretreatment samples.

Quantitative RT-PCR—Quantitative RT-PCR results are shown in Figs 4 and 5. Activated 

expression of IL-2 and IFN-γ mRNA was significantly reduced relative to pretreatment 

values at 0, 2, 4, and 8 h after dosing for both cytokines (P < 0.05). In contrast to flow 

cytometry, there was no statistically significant variation in the degree of suppression across 

the dosing interval. All activated cyclosporine samples in all dogs at all post-treatment time 

points showed markedly lower gene expression than pretreatment samples (Fig. 4). There 

were no significant differences in mRNA expression for unactivated samples (Fig. 5).

DISCUSSION

To the authors’ knowledge, this study provides the first paired evaluation of flow cytometry 

and qRT-PCR for measurement of cyclosporine pharmacodynamics in dogs. Our results 

show that high-dose oral cyclosporine markedly and consistently suppresses cytokine 

expression in healthy dogs in activated blood samples when evaluated using either 

technique. Flow cytometry did show an extra degree of suppression of protein expression at 

2, 4, and 8 h relative to 0 h activated samples for IFN-γ, and a significant difference between 
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hour 0 and hour 8 for activated IL-2. Overall, however, there was minimal variability seen in 

suppression across the oral dosing interval, and even at trough drug concentrations 12 h after 

the previous oral cyclosporine dose (hour 0), both IL-2 and IFN-γ were significantly reduced 

from pretreatment levels for activated samples using both methods.

Unactivated cytokine expression showed similar findings as with activated samples for flow 

cytometry, although differences in fluorescence were of smaller magnitude. Activated 

samples had total separation of MFI values for pre- relative to post-treatment samples, while 

unactivated fluorescence was lower and had overlap in pre- and post-treatment MFI values. 

The most prominent suppression was seen for 8-h unactivated samples, which demonstrated 

significantly lower protein expression than all other times for IL-2, and were lower than 

pretreatment and 0-h samples for IFN-γ. Unactivated qRT-PCR samples, on the other hand, 

showed no significant differences between pretreatment and post-treatment expression 

levels. Activation of lymphocytes increases the production of cytokines, so lower expression 

and smaller differences among treatment times were expected for unactivated samples. 

Testing unactivated samples would decrease processing time, but because of the poorer 

separation in pre- and post-treatment cytokine levels, PMA and ionomycin activation of 

blood samples is recommended for pharmacodynamic evaluation of cyclosporine’s effects. 

The remainder of this discussion will focus on activated cell expression results.

Previous work in our laboratory has evaluated both flow cytometry and qRT-PCR for 

assessment of cyclosporine pharmacodynamics (Archer et al., 2011; Fellman et al., 2011; 

Riggs et al., 2013). Our earlier results suggested that both techniques provide comparable 

results, and this study confirms that both methods document similar marked suppression of 

T-cell function for an extended period after each oral dose of cyclosporine. A previous study 

by Flores and others evaluated the ability of flow cytometry and qRT-PCR to assess 

suppression of cytokine expression caused by in vitro exposure to cyclosporine and 

tacrolimus in blood from cynomolgus monkeys (Flores et al., 2004) and concluded that both 

techniques could be used interchangeably when evaluating cyclosporine pharmacodynamics 

in monkeys. Our study confirms that both methods appear to be similarly interchangeable in 

dogs, at least at high drug doses.

The additional degree of cytokine protein suppression shown using flow cytometry between 

trough drug concentrations and later time points in the dosing interval suggests that this 

method may be more discriminating and able to reflect subtle differences in suppression of 

T-cell function at high cyclosporine concentrations. As suppression of cytokine mRNA 

expression in our study was slightly more rapid, sustained and complete than protein 

expression, our results suggest that the qRT-PCR assay may be more sensitive to the effects 

of cyclosporine and may therefore be able to identify suppression of T-cell function at lower 

drug concentrations, but further studies at lower cyclosporine concentrations would be 

needed to evaluate this possibility.

Blood cyclosporine concentrations following oral cyclosporine dosing in the current study 

were similar to those reported in previous studies, with a peak at two hours and a gradual 

reduction in blood concentrations over subsequent hours. Previously, trough cyclosporine 

concentrations of 500 ng/mL have been suggested as a target for attainment of adequate 
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immunosuppression in dogs (Daigle, 2002). However, although only four of the six dogs in 

this study reached a 500 ng/mL trough concentration, with one dog attaining a trough of 

only 375 ng/mL, all dogs showed marked suppression of cytokine expression. Although 

ideal peak cyclosporine concentrations for dogs have not been published, a target peak drug 

concentration of 800–1400 ng/mL is recommended by the Auburn University Veterinary 

Clinical Pharmacology Laboratory for dogs, and all of the dogs in the current study 

exceeded this level. In fact, the lowest peak in this study was 1944 ng/mL, and the median 

was 3040 ng/mL. Given the pronounced suppression of cytokines in our study, our results 

suggest that, in dogs as in people, it is likely that peak cyclosporine concentrations may 

correlate better with immunosuppressive effects compared to trough concentrations. 

Although our study only looked at two cytokines and therefore may not reflect all of the 

immune effects of cyclosporine, these two cytokines are known to reflect the drug’s main 

mechanism of action (Giese et al., 2004).

In human pharmacokinetic studies, cyclosporine area under the curve (AUC) has been 

shown to have the best correlation with clinical outcome (Kahan et al., 1995). Numerous 

studies have confirmed the lack of correlation of trough cyclosporine concentrations with 

AUC and clinical outcome and have identified improved outcomes when measuring peak 

drug concentrations as a surrogate measure for AUC (Cantarovich et al., 1998; Mahalati et 
al., 1999; Citterio et al., 2001; Halim et al., 2005). In humans, cyclosporine absorption 

occurs primarily in the first 4 h after oral administration, and drug absorption exhibits high 

inter- and intra-individual variability that is not adequately reflected by trough 

measurements (Halim et al., 2005). Temporally, calcineurin inhibition has been shown to 

closely follow cyclosporine blood concentrations in humans and mice, with little residual 

inhibition of calcineurin enzyme activity once blood drug concentrations drop below peak 

levels (Halloran et al., 1999). Interestingly, however, residual suppression of T-cell 

expression of NFAT-regulated cytokines can persist long beyond peak cyclosporine levels 

and the expected parallel transient inhibition of calcineurin, as demonstrated by our study. 

The results of our study, along with consideration of past studies, suggest that peak 

cyclosporine blood concentrations determine the degree of calcineurin inhibition but that, 

even when blood drug concentrations then drop markedly, the residual effects of transient 

calcineurin inhibition on NFAT-regulated cytokine expression persist for a sustained period 

of time. Pharmacodynamic monitoring of cytokine expression in dogs may therefore the best 

means of determining both the extent and duration of suppression of T-cell function. Further 

evaluation of cyclosporine pharmacokinetics and pharmacodynamics in dogs, and 

correlation of results with clinical outcome in canine patients treated with cyclosporine, is 

warranted.

One goal of the present study was to determine the ability of both flow cytometry and qRT-

PCR to detect differences in T-cell cytokine expression across the cyclosporine dosing 

interval. Previous studies in human medicine used changes in cytokine expression from 

trough to peak cyclosporine blood concentrations as indicators of the degree of 

immunosuppression (Kon-standin et al., 2007; Sommerer et al., 2008). Although flow 

cytometry did show mildly increased suppression from trough to peak levels, overall the 

cytokine levels in our study were markedly suppressed at all time points after cyclosporine 

administration, and there was minimal change across the dosing interval. The high oral 
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cyclosporine dose used in this study most likely caused maximal immunosuppression 

without allowing time for immune recovery between doses. We chose a 10 mg/kg twice 

daily dose of oral cyclosporine for this study because, based on our previous work, this dose 

tended to place trough drug levels at or around the previously published target 

immunosuppressive concentration of 500 ng/mL (Daigle, 2002; Archer et al., 2011). Lesser 

cyclosporine doses would be expected to cause more variation in cytokine levels over time 

and, in fact, previous work in our laboratory confirmed that when the much lower approved 

oral cyclosporine dose for canine atopic dermatitis (5 mg/kg once daily) was administered to 

healthy dogs, suppression of activated T-cell cytokine expression 8 h after drug dosing in 

individual dogs varied from minimal to marked (Archer et al., 2011). Based on studies in 

people, it is possible that marked suppression of T-cell function at the time of peak 

cyclosporine blood concentrations with subsequent partial recovery of suppression at the 

time of trough levels may be useful as an indicator of adequate but not excessive 

immunosuppression (Konstandin et al., 2007; Sommerer et al., 2008) and that the dose of 

cyclosporine used in our study caused a greater degree of immunosuppression than might be 

needed clinically. Further studies with various cyclosporine doses across the entire dosing 

interval will be needed to determine whether the degree of suppression of T-cell function 

varies postdosing in individual dogs at lower drug doses. For dogs on high doses of 

cyclosporine, however, the results of our present study suggest that, using qRT-PCR, 

cytokine analysis performed at any time point during therapy will likely reflect maximal 

immunosuppression. For flow cytometry, however, samples 2–8 h postdosing may be more 

representative.

To allow direct comparison with our previous work with cyclosporine, in which effects were 

assessed after 1 week of drug therapy, we chose to monitor the effects of cyclosporine on T-

cell function after a full week of drug dosing, and our study confirmed that by this time 

cytokine expression was markedly suppressed. Undoubtedly, the immunosuppressive effects 

of cyclosporine will begin to manifest before completion of a full week of therapy, and 

further studies will be needed to determine how rapidly suppression of T-cell cytokine 

expression occurs after drug therapy is commenced.

Our study has confirmed that at high drug doses expression of the cytokines IL-2 and IFN-γ 

is consistently reduced by cyclosporine, and suggests that, as in humans, NFAT-regulated 

cytokine assays show great promise as biomarkers of drug-induced immunosuppression. In 

human medicine, the information provided by pharmacokinetic and pharmacodynamic 

monitoring is considered to be complementary, and the authors suggest that utilization of 

both techniques will be needed to develop optimal immunosuppressive regimens in canine 

patients.

Limitations of this study include the relatively small number of animals, the lack of an 

untreated control group, the single dog breed (Walker hound) used, and the use of only 

healthy animals. The sample size is typical for a standard pharmacokinetic study (Riviere, 

1999), and results were consistent among all dogs, with marked differences noted between 

pretreatment and post-treatment results. A formal untreated control group was not included, 

and provision of a control group would have confirmed a lack of diurnal effect. However, a 

single untreated dog was included in the flow cytometry groups to ensure appropriate sample 
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activation at all times (data not shown). The Walker hound is not known to have issues with 

cyclosporine metabolism or variations in activity of the efflux pumps that handle drug 

metabolism and is expected to serve as an acceptable model for all dog breeds. Cyclosporine 

is commonly used for inflammatory and immune-mediated diseases, and it is possible that 

the presence of these conditions will affect cytokine responses to cyclosporine. As results 

from this study reflect healthy dogs only, further work will be needed to confirm the 

relevance of these assays in diseased clinic patients.

In conclusion, our study describes the use of flow cytometry and qRT-PCR to measure 

expression of the cytokines IL-2 and IFN-γ after oral cyclosporine administration. Both 

techniques demonstrated marked reduction in activated cytokine levels at 2, 4, 8 and 12 h 

after administration of high doses of cyclosporine, and the degree of suppression of T-cell 

function varied only slightly across the 12-h dosing interval. Unactivated sample results 

were more variable, especially for qRT-PCR. Based on these results, pharmacodynamic 

monitoring of T-cell function could be performed using PMA and ionomycin activation at 

any time point in the 12-h interval between drug doses in dogs receiving chronic high-dose 

cyclosporine. Concurrent cyclosporine blood concentration measurement revealed 12-h 

trough concentrations that, based on previous studies, would be considered acceptable in 

only four of six dogs, but high (above reference laboratory ‘target’ range) 2 h peak 

concentrations in all dogs. As peak drug concentrations were attained in all dogs at 2 h 

postdosing, and cytokine expression was also markedly suppressed in all dogs at 2 h 

postdosing, 2 h after administration of high doses of cyclosporine is likely the most 

promising single time point for concurrent pharmacokinetic and pharmacodynamic 

assessment, although further study is needed to clarify the value of cytokine expression 

changes from trough to peak drug concentrations at lower drug doses. Both flow cytometry 

and qRT-PCR provided similar information, and our study suggests that both assays can be 

used interchangeably when monitoring cyclosporine therapy, at least at high drug doses. 

Further studies at different cyclosporine doses, and at earlier intervals after commencement 

of therapy, will be necessary to evaluate the full range of effects of the drug on T-cell 

function and to fully determine the best technique for cytokine assessment.
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Fig. 1. 
Blood cyclosporine concentrations in six dogs measured on Day 8 after 7 days of oral 

cyclosporine dosed at 10 mg/kg every 12 h. Each box represents the interquartile range 

(IQR) from the 25th to 75th percentile. The point inside each box represents the median, and 

whiskers extend to maximum and minimum values. Cyclosporine concentrations were 

measured using an immunoassay.
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Fig. 2. 
Activated T-cell expression of IL-2 (a) and IFN-γ (b) measured using flow cytometry in 6 

dogs on Day 8 after oral cyclosporine dosing at 10 mg/kg every 12 h. Each box represents 

the IQR. The point inside each box represents the median, and whiskers extend to maximum 

and minimum values. Times that do not share a letter are significantly different (P < 0.05) 

based on mixed model analysis of data transformed by taking the reciprocal square root.

FELLMAN et al. Page 13

J Vet Pharmacol Ther. Author manuscript; available in PMC 2016 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. 
Unactivated T-cell expression of IL-2 (a) and IFN-γ (b) measured using flow cytometry in 6 

dogs on Day 8 after oral cyclosporine dosing at 10 mg/kg every 12 h. Each box represents 

the IQR. The point inside each box represents the median, and whiskers extend to maximum 

and minimum values. Times that do not share a letter are significantly different (P < 0.05) 

based on mixed model analysis of data transformed by taking the reciprocal square root.
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Fig. 4. 
Activated whole blood mRNA expression of IL-2 (a) and IFN-γ (b) measured using qRT-

PCR in six dogs on Day 8 after oral cyclosporine dosing at 10 mg/kg every 12 h. Relative 

quantification was performed using the 2−ΔΔCt method where ΔΔCt = (CtGOI – Ctnorm)treated 

– (CtGOI – Ctnorm)untreated, GOI is the gene of interest, and norm is the reference gene 

GAPDH. Data are expressed as a percentage of cytokine expression in pretreatment samples, 

which are given a value of 100%. Each box represents the IQR. The point inside each box 

represents the median, and whiskers extend to maximum and minimum values. Times that 

do not share a letter are significantly different (P < 0.05) based on mixed model analysis of 

data transformed by taking the reciprocal square root.
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Fig. 5. 
Unactivated whole blood mRNA expression of IL-2 (a) and IFN-γ (b) measured using qRT-

PCR in six dogs on Day 8 after oral cyclosporine dosing at 10 mg/kg every 12 h. Relative 

quantification was performed using the 2−ΔΔCt method where ΔΔCt = (CtGOI – Ctnorm)treated 

– (CtGOI – Ctnorm)untreated, GOI is the gene of interest, and norm is the reference gene 

GAPDH. Data are expressed as a percentage of cytokine expression in pretreatment samples, 

which are given a value of 100%. Each box represents the IQR. The point inside each box 

represents the median, and whiskers extend to maximum and minimum values. No 

significant differences identified.
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