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Background: Immune-mediated hemolytic anemia (IMHA) in dogs has a high risk of thrombosis and is associated with

marked neutrophilia and necrosis. Cell death and release of neutrophil extracellular traps contribute to increased serum con-

centrations of cell-free DNA, and in human autoimmune disease reduced DNase activity further increases cell-free DNA.

Free DNA in blood has prothrombotic properties and could contribute to hypercoagulability in IMHA.

Hypothesis: Cell-free DNA is elevated and DNase activity reduced in dogs with IMHA compared to healthy dogs.

Animals: Dogs presenting to two referral hospitals with IMHA (n = 28) and healthy controls (n = 20).

Methods: Prospective observational study. Blood was collected and death and thrombotic events occurring in the first

14 days after hospitalization recorded. DNA was extracted from plasma with a commercial kit and quantified by PicoGreen

fluorescence. DNase activity of serum was measured by radial diffusion assay.

Results: Cell-free DNA was significantly higher in cases (median: 45 ng/mL, range: 10–2334 ng/mL) than controls

(26 ng/mL, range 1–151 ng/mL, P = 0.0084). DNase activity was not different between cases and controls (P = 0.36). Four

cases died and there were five suspected or confirmed thrombotic events. Cell-free DNA concentration was associated with

death (odds ratio for upper quartile versus lower 3 quartiles: 15; 95% confidence interval 1.62–201; P = 0.03) but not throm-

bosis (P = 0.57).

Conclusions and Clinical Importance: Cell-free DNA is elevated in dogs with IMHA and likely reflects increased release

rather than impaired degradation of DNA. Cell-free DNA concentration is potentially associated with death and might be a

prognostic indicator, but this requires confirmation in a larger population.
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Dogs affected by immune-mediated hemolytic ane-
mia (IMHA) frequently die or are euthanized

during, or shortly after, initial hospitalization.1–3

Thrombosis, necrosis, and neutrophilic inflammation
are common postmortem findings.4 Both necrotic cells
and activated neutrophils release DNA, either as a con-
sequence of cell membrane breakdown or, in the case of

neutrophils, through organized release of webs of
DNA, histones, and extranuclear proteins known as
neutrophil extracellular traps (NETs).5–8 Cell-free DNA
released by these processes might contribute to throm-
bosis in dogs with IMHA. Cell-free DNA might be fur-
ther elevated in dogs with IMHA because of reduced
DNA digestion by endogenous DNase 1, as occurs in
human autoimmune diseases.9,10

Cell-free DNA has multiple prothrombotic properties,
including activation of the contact pathway of
coagulation11,12 and inhibition of fibrinolysis.13,14

Increased circulating DNA is associated with poor prog-
nosis in humans with a variety of conditions including dis-
seminated intravascular coagulopathy15 and sepsis,16 and
blood concentrations of cell-free DNA are correlated with
disease severity in sick dogs.17 If cell-free DNA is similarly
associated with outcome in IMHA, the evidence that
DNA has direct prothrombotic effects suggests it could
provide a specific marker of thrombotic risk. As such, ele-
vated cell-free DNA might be capable of identifying those
dogs with IMHA where the benefits of anticoagulant
treatment outweigh the financial costs and risk of treat-
ment-associated hemorrhage. Furthermore, digestion of
DNA by DNase improves outcome in murine models of
thrombosis.18–20 DNase is already available as an inhala-
tional treatment for humans with cystic fibrosis and the
same product has been delivered systemically by
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intravenous and intraperitoneal routes in experimental
animals.19 Cell-free DNAmight, therefore, provide a mar-
ker of thrombotic risk that could help to select dogs
requiring aggressive antithrombotic treatment and pro-
vide a novel therapeutic target in dogs with IMHA.

This study tests the hypothesis that cell-free DNA is
increased in IMHA compared with healthy control dogs
and seeks to determine if this is associated with reduced
endogenous DNase activity. The study objectives were
(1) to compare circulating cell-free DNA concentration
and serum DNase activity of IMHA cases and healthy
controls; (2) to determine if DNase activity was negatively
correlated with cell-free DNA; (3) to determine if cell-free
DNA was positively correlated with D-dimers, and (4) to
provide a preliminary analysis of the association between
cell-free DNA and survival or suspected or confirmed
thrombosis in the first 14 days after admission.

Methods

Ethical Permissions

Samples were collected with owner consent and ethi-
cal permission from the Iowa State and North Carolina
State University institutional animal care and use com-
mittees (healthy controls: ISU 12-13-17687-K; IMHA
cases: NCSU 14.110-O, ISU 1-14-7693K).

Inclusion Criteria for Clinical Cases

Clinical cases presenting to Iowa State University
Lloyd Veterinary Medical Center or North Carolina
State University Terry Center were prospectively
enrolled between 1.2.14 and 8.26.14 respectively and
5.27.16, providing they met the following criteria:
(1) anemia with one or more of (a) positive saline
agglutination test, (b) positive Coombs test, or (c) ≥5
spherocytes per 9100 field; (2) no evidence of underly-
ing disease; (3) no heparin treatment before sample col-
lection and (4) at least 3 kg body weight or for dogs at
North Carolina State, at least 7 kg if concurrently
enrolled in another study to avoid collection of poten-
tially excessive blood volume. Dogs which met these
requirements but were not enrolled were recorded.

A saline agglutination test was considered positive if
macro- or microscopic agglutination was present after
adding four drops of saline to a single drop of EDTA
blood. Coombs tests were performed at the clinical
pathology laboratory of each institution, and considered
positive if the titer was above the cut-off established by
that laboratory. Before experimental analysis of sam-
ples, all blood smears were examined for spherocytes by
a single board-certified clinical pathologist to confirm
enrolled dogs met criteria for inclusion (UJ). Diagnostic
investigations to confirm IMHA was primary were at
the discretion of the attending clinician. Animals which
had previously received heparin were excluded because
of the potential for heparin to degrade NETs.21 Treat-
ment after sample collection was at the discretion of the
attending clinician. Diagnostic investigations and treat-
ments after sampling were recorded from electronic

medical records with further clarification from the
attending clinician where necessary.

Inclusion Criteria for Healthy Controls

Healthy control dogs were pets of staff or students at
Iowa State University, inclusion criteria were as follows:
(1) aged between 1 and 9 years; (2) >5 kg body weight;
(3) normal physical exam, hematology, biochemistry,
and urinalysis, and (4) not receiving medication other
than routine antiparasite treatment.

Sample Collection

Samples were collected by minimally traumatic
venipuncture via 21-gauge winged infusion setsa inserted
into a jugular, saphenous, or cephalic vein for all con-
trol dogs and either by the same method or via central
sampling catheters for IMHA cases. Sampling via cen-
tral lines was permitted only if flushed with saline rather
than heparin, and a discard sample was collected to
clear residual blood or flush fluid from the line before
study sample collection. Blood was collected directly
into sodium citrateb (1:9 ratio, 3.8% sodium citrate) for
measurement of D-dimers and collected into a syringe
then immediately transferred to K2EDTAc for measure-
ment of cell-free DNA and a plain tubed for the DNase
assay. Within 20 minutes of collection, EDTA and
citrate samples were centrifuged at 2500 9 g for
20 minutes and serum samples for 1000 9 g for 15 min-
utes. Plasma or serum was divided into aliquots and
stored at �80°C until analysis.

Follow-Up

Dogs were followed for 14 days after admission by
clinical record review or contacting the owner or
attending clinician. Survival to 14 days or date of
death/euthanasia; suspected or confirmed thrombotic
events; transfusion; and treatment with immunosuppres-
sants, heparin, aspirin, clopidogrel, or intravenous
immunoglobulin were recorded. Thrombosis was con-
sidered confirmed if at least one thrombus was docu-
mented grossly or microscopically postmortem, and
suspected if the dog developed acute onset respiratory
distress or neurologic signs consistent with a central
nervous lesion or if a board-certified radiologist consid-
ered thrombosis was the primary differential diagnosis
for a finding on radiographs or ultrasound.

Sample Size Calculation

The study was initially designed principally to evalu-
ate the association between cell-free DNA and survival,
with comparison between controls and cases as a sec-
ondary analysis. This would have required at least 80
IMHA cases. After 27 months, case recruitment was
below targets and study design was revised to determine
if analytes differed between cases and controls. To
determine if case numbers were sufficient for this com-
parison, a sample size calculation based on reported
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cell-free DNA concentrations and standard deviations
for healthy humans and patients with systemic lupus22

was performed by G*Power v. 3.1.9e.23 For cell-free
DNA, at least 12 cases and 12 controls were needed to
detect a 49 ng/mL difference between the mean of cases
and controls with an alpha of 0.05 and power of 80%
assuming a standard deviation of 40 ng/mL.

Cell-Free DNA

DNA was extracted from 200 lL EDTA-plasma sam-
ples with a silica-membrane-based nucleic acid purifica-
tion kitf according to the manufacturer’s instructions.
Eluted DNA was quantified with the fluorescent
double-stranded DNA PicoGreen.g Where necessary,
samples were diluted to bring results into the linear
range of the assay. All results are reported after correc-
tion for any dilutions.

DNase Activity

DNase activity was measured by a method modified
from Macanovic and Lachmann.24 Briefly, 300 lL of a
solution containing calf thymus DNA (final concentra-
tion 0.25 mg/mL); DNase reaction buffer (final concen-
trations 20 mM Tris–HCl; 1 mM CaCl2; 1 mM Mg
Cl2); low melting point agaroseh (final concentration
1% weight by volume); and ethidium bromidei (final
concentration 1 lg/mL) were added to each well of a
24-well platej and allowed to set. Serum (2 lL/well) was
injected into the center of each test well and plates incu-
bated for 19 hours at 37°C. Blank wells in which no
solution was injected were included in each plate. Fluo-
rescence of DNA-bound ethidium bromide was imaged
by ultraviolet transillumination. Controls and the first
25 cases were prepared on a single day, and camera set-
tings were constant between each plate. The final three
IMHA cases were analyzed as a separate experiment
together with serum from a previously assayed control
dog. Results were normalized to the previous result
from the control dog by the formula [DNA lysis area
for case*(average DNA lysis area for control, assay
2/average DNA lysis area for control, assay 1)]. Wells
were set up in duplicate for each dog and the average
result used in statistical analysis.

Images were analyzed in Image J.k Histogram analy-
sis was performed for a blank well on the plate of inter-
est, and the threshold of the entire image adjusted so
pixels equal to or brighter than the lowest gray value of
the blank well were fully saturated, representing com-
pletely undigested DNA. The image was calibrated
using known dimensions of the plate. Conversion to a
binary image was then performed and the Analyze Par-
ticles plug-in for Image J used to measure the area of
the black circle at the center of the test well, which cor-
responds to the area of DNA lysis.

To determine the coefficient of variation, 10 dupli-
cates were prepared with 1 U of DNasel per well. To
confirm the method could identify differences in DNase
activity, a standard curve was prepared using 0.125,
0.25, 0.5, 0.75, 1, and 2 U of DNase per well. Attempts

were made to assess effects of hemolysis and icterus
using 0.5 U/lL DNase diluted in a 9 to 1 ratio with
DNase-free water, a commercial bilirubin controlm

(final concentration 2.5 mg/dL) or hemoglobin (final
concentration 0.18 g/dL or 0.35 g/dL) prepared from
washed canine red cells by repeated freeze thaw cycles
and osmotic lysis.

D-Dimer Measurement

D-dimers were measured in citrated plasma from
cases using a quantitative immunoturbidimetric assayn

performed at Comparative Coagulation Section of the
Animal Health Diagnostic Center, Cornell University.

Statistical Analysis

All analyses were performed by GraphPad Prism
(v.7).o Distribution was tested by the D’Agostino and
Pearson normality test, and as one or both populations
were non-normal for cell-free DNA and DNase activity,
healthy controls and IMHA cases were compared by
Mann–Whitney U-tests. Spearman’s correlation coeffi-
cient was calculated for correlation between cell-free
DNA and DNase activity and between cell-free DNA
and D-dimer concentrations. Odds ratios and 95% con-
fidence intervals were calculated for death and throm-
bosis by 14 days for IMHA cases in the upper quartile
(n = 7) for cell-free DNA concentration compared with
those in the lower 3 quartiles (n = 21). Fisher’s exact
test was used to calculate p-values for odds ratios.
Receiver operator characteristic (ROC) curves were
automatically constructed for cell-free DNA as a predic-
tor of death or thrombosis within 14 days, and the area
under the curve compared to 0.5 (i.e. expected area if
the ability of cell-free DNA to predict outcome was no
better than chance). For all analyses, P < 0.05 was con-
sidered significant.

Results

Study Population and Healthy Controls

Thirty dogs were initially recruited. One dog recruited
based on spherocytosis was subsequently excluded
because on blood-smear exam, the cut-off of five sphe-
rocytes per high power field was not reached. One other
enrolled dog was not included because EDTA plasma
was not collected. During the study period, 10 other
potentially eligible dogs were not enrolled because care-
givers did not consent to enrollment (n = 2); death
before diagnostic investigations could be performed
(n = 1) or lack of available personnel to process sam-
ples (n = 7).

Cases were of the following breeds: Australian Shep-
herd (n = 1); Beagle (n = 2); Bichon Frise (n = 1); Bos-
ton Terrier (n = 2); Cardigan Corgi (n = 1); Dachshund
(n = 1); German Shorthaired Pointer (n = 1); Keeshond
(n = 1); Labrador (n = 3); Maltese (n = 1); Mastiff
breeds (n = 2); Miniature Schnauzer (n = 2); mix
(n = 6); Pomeranian (n = 1); Rat Terrier (n = 1);
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Rottweiler (n = 1); Springer Spaniel (n = 1). For cell-
free DNA measurements, controls were of the following
breeds: Border Collie (n = 1); Chesapeake Bay Retriever
(n = 1); German Wirehair Pointer (n = 1); Golden
Retriever (n = 1); Greyhound (n = 3); Labrador
(n = 3); mix (n = 5); Pitbull Terrier (n = 3); Rhodesian
Ridgeback (n = 1); Rough Collie (n = 1). Due to sam-
ple availability, for DNase activity, the Rhodesian
Ridgeback control was replaced with an Australian
Shepherd. Median age of cases was 8 years (range 0.3–
14 years) and for controls was 4.5 years (range 1–
9 years) for cell-free DNA measurement and 4 (range
1–9 years) for DNase activity studies. Median body
weight of cases was 15 kg (range 6–52 kg) and for con-
trols was 28.5 kg (range 8–37 kg) for cell-free DNA
measurement and 30.5 kg (range 8–37 kg) for DNase
activity measurement. Of the 28 cases, 14 were spayed
females, 12 were neutered males, and two were intact
males. For both cell-free DNA measurement and
DNase activity measurement, of the 20 controls, eight
were spayed females and 12 were neutered males.

For the 28 included cases, median hematocrit at
enrollment was 18% (range 8–28, reference interval 37–
55%). All dogs with a hematocrit ≥25% had either
received a transfusion (3/4) or long-term immunosup-
pression (1/4) before enrollment. Five or more sphero-
cytes per high power field were present in 18/28. Of the
four dogs undergoing direct Coombs’ testing, one was
positive. Saline agglutination was positive for 24/28 and
negative for 4/28. Of those dogs with negative saline
agglutination tests, 1/4 had historically been positive
and had been treated for 56 days before admission; 3/4
had five or more spherocytes per high power field and
1/4 had a positive direct Coomb’s tests and spherocytes
present but at a level below the threshold used for
inclusion.

Median time from initial clinical signs to sample col-
lection was 3 days (range 1–168). Samples were col-
lected on day of admission for 18/28; the following day
for 8/28; 3 days later for 1/28 and 4 days later for 1/28.
Samples were collected from a peripheral vein in 22/28
IMHA cases and via central line sampling catheters for
6/28 IMHA cases. Based on available diagnostics, all
dogs were considered affected by primary rather than
secondary IMHA. Diagnostic investigations included
abdominal radiographs and/or ultrasound 27/28; tho-
racic radiographs 20/28; cytology of one or more body
system 5/28 (spleen 3/5; liver 1/5; lymph node 1/5; cuta-
neous masses 1/5, bone marrow 1/5); biochemistry 28/
28; complete blood count 28/28; prothrombin time and
activated partial thromboplastin time 18/28 and infec-
tious disease testing 27/28 (PCR for Babesia, Bartonella,
Ehrlichia, Rickettsia, and hemotropic Mycoplasma
organismsp 10/27; point of care ELISA testing for Diro-
filaria immitis antigen and antibodies against Borrelia
burgdorferi (C6), Ehrlichia sp and Anaplasma spq 26/27;
quantitative ELISA for Borrelia burgdorferi antibodies
(C6)r 1/27; Immunofluorescence antibody assays for
Ehrlichia canisp,r 12/27; Rickettsia rickettsiap,r 12/27;
Babesia canisp 10/27, Babesia gibsonip 10/27 and Bar-
tonella sppp 10/27; Microscopic agglutination testing for

antibodies against Leptospira canicola, Leptospira ictero,
Leptospira grippo, Leptospira Pomona, and Leptospira
hardjos 3/27).

Before sample collection, 17/28 had received corticos-
teroids; 3/28 azathioprine; 3/28 cyclosporine; 16/28 one
or more antibiotic; 10/28 intravenous fluid treatment; 7/
28 blood product transfusion (2/7 whole blood, 5/7
packed red blood cells); 3/28 clopidogrel; 16/28 one or
more other drug. In the 14 days after sample collection
or the period between sample collection and death/
euthanasia if <14 days, 26/28 received corticosteroids;
6/28 azathioprine; 11/28 cyclosporine; 3/28 mycopheno-
late mofetil; 4/28 intravenous human immunoglobulin,
24/28 clopidogrel; 13/28 unfractionated heparin; 2/28
aspirin; 13/28 at least one transfusion of packed red
blood cells; 1/28 whole blood transfusion and 1/28 fresh
frozen plasma transfusion.

Cell-Free DNA

Median cell-free DNA was significantly higher in
dogs with IMHA (45 ng/mL, range 10–2334 ng/mL,
n = 28) than healthy controls (26 ng/mL, range 1–
151 ng/mL, n = 20, P = 0.0084) (Fig 1).

DNase Activity

DNase activity was measured by area of lysis of an
ethidium bromide-containing DNA gel. Validation of
the DNase assay produced a coefficient of variation of
6.5% based on 10 duplicates. R2 for linear regression
performed on a standard curve created using DNase
concentrations from 0.125 U/well to 2 U/well was 0.94.

Area of lysis was not significantly different between
cases (median 0.359 cm2, range 0.229–0.750 cm2) and
healthy controls (median 0.365 cm2, range 0.157–

Fig 1. Cell-free DNA in dogs with IMHA and in healthy dogs.

Cases and controls were compared by Mann–Whitney U-test

(P < 0.05 significant; healthy n = 20; IMHA n = 28); error bars

are median and interquartile range. Data points plotted as black

triangles are from four dogs who did not survive to 14 days; black

circles are from two dogs who survived to 14 days but had sus-

pected (n = 1) or confirmed (n = 1) thrombosis; open squares rep-

resent dogs with IMHA that survived to 14 days and did not have

suspected or confirmed thrombosis (n = 22).
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0.456 cm2; P = 0.36) (Fig 2A). To determine if DNase
results could have been affected by interference from
hemoglobin of bilirubin, area of lysis was compared
between gels to which water, hemoglobin, or bilirubin
were added. Addition of 0.18 g/dL or 0.35 g/dL hemo-
globin or 2.5 mg/dL bilirubin to gels increased areas of
lysis by 140, 412, and 112% compared with water.
These apparent interferences could have been due to
presence of DNase within the biologically derived inter-
ferent sources or a genuine effect of hemoglobin or
bilirubin. For this reason, area of lysis for IMHA cases

with (median 0.348 cm2, range 0.229–0.724 cm2; n = 18)
and without (median 0.406 cm2; range 0.294–0.750 cm2;
n = 10) visible hemolysis and/or icterus was also com-
pared by Mann–Whitney U-tests and was not signifi-
cantly different (P = 0.19; Fig 2B).

Spearman’s correlation coefficient (q) for cell-free
DNA and DNase activity was 0.38 (95% confidence
interval �0.0006 to 0.67; P = 0.045) but visual inspec-
tion of the correlation plot revealed an obvious outlier
(Fig 3A). Correlation was no longer significant after
exclusion of this dog (Spearman’s q 0.32, 95% confi-
dence interval �0.08 to 0.63, P = 0.11) (Fig 3B).

Correlation between Cell-Free DNA and D-Dimer

D-dimers were unmeasurable in four IMHA cases
due to hemolytic interference, and in two dogs, insuffi-
cient plasma was available for analysis. For the remain-
ing 22 dogs, median D-dimer concentration was 760 ng/
mL (range 120–5729 ng/mL). D-dimers were not signifi-
cantly correlated with cell-free DNA (Spearman’s q
0.17, P = 0.45).

Preliminary Analysis of Relationship between Cell-
Free DNA Concentration and Outcome

At day 14 postadmission, 25 dogs were alive, two
dogs had died (day 3 and 6) and two had been eutha-
nized (day 1 and 7). There were five suspected or con-
firmed thrombotic events. Necropsy was performed in
three of four nonsurvivors and confirmed thrombosis in
3/3 (1/3 leptomeningeal vessels only; 1/3 jugular vein
and multiple pulmonary thrombi; 1/3 pulmonary, sple-
nic, hepatic, adrenal, and renal thrombi). The other
nonsurvivor was euthanized due to financial constraints
and permission for necropsy was not granted; thrombo-
sis was not suspected based on physical exam, thoracic
and abdominal radiographs and abdominal ultrasound.
For survivors, in the first 14 days, thrombosis was sus-
pected in two dogs based on acute onset neurologic
signs. One of these dogs was euthanized after the 14-
day follow-up period (day 16). Cerebral and renal arte-
riolar thrombi were confirmed at necropsy.

Of the seven dogs with cell-free DNA in the upper
quartile, 4/7 received unfractionated heparin and clopi-
dogrel in the 14 days after sampling; 1/7 received
unfractionated heparin only and 2/7 received no throm-
boprophylaxis. Of the 21 dogs with cell-free DNA in
the lower three quartiles, 8/21 received unfractionated
heparin and clopidogrel; 2/21 received aspirin and clopi-
dogrel; 10/21 received clopidogrel only, and one
received no thromboprophylaxis. Of the dogs that died
or were euthanized and had confirmed thrombosis, 2/3
received unfractionated heparin and clopidogrel and 1/3
received heparin only. The dog that was euthanized but
in whom thrombosis was not suspected received no
thromboprophylaxis. Of the two dogs that survived
14 days but where thrombosis was suspected or con-
firmed, one received clopidogrel and one received no
thromboprophylaxis.

Fig 2. Serum DNase activity as measured by area of DNA lysis.

(A) Area of lysis was not significantly different between IMHA

cases (n = 28) and controls (n = 20) (P = 0.36). (B) Analysis of

interference spikes suggested hemoglobin and bilirubin might both

falsely increase area of DNA lysis, but both were biologically

derived and might have spontaneous DNase activity making con-

clusions about their interference challenging. There was no signifi-

cant difference between area of lysis for IMHA cases with (n = 18)

or without (n = 10) visible hemolysis and/or icterus (P = 0.19).

Comparisons were by Mann–Whitney U-test (P < 0.05 significant);

error bars are median and interquartile range.
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The odds ratio for death or euthanasia in dogs in the
highest quartile for cell-free DNA was 15 (95% confi-
dence interval 1.62–201; P = 0.03), and on ROC curve
analysis, the area under the curve was significantly dif-
ferent from 0.5 for prediction of death by 14 days (area
0.86, 95% confidence interval 0.69–1, P = 0.02)
(Fig 4A). The odds ratio or suspected or confirmed
thrombosis was 2.4 (95% confidence interval 0.34–14.3,
P = 0.57), and the area under the ROC curve was not
significantly different from 0.5 (area 0.57, 95% confi-
dence interval 0.26–0.89, P = 0.61) (Fig 4B).

Discussion

Results of this study indicate that cell-free DNA con-
centration was increased in dogs with dogs with IMHA
compared with healthy controls. DNase activity was
not decreased in dogs with IMHA, nor was it negatively
correlated with cell-free DNA concentration. This sug-
gests increased cell-free DNA in dogs with IMHA is the

result of increased production rather than impaired
degradation. The analysis of the ability of cell-free
DNA to predict death or thrombosis should be viewed
as pilot data as the number of negative outcomes was
low. With this caveat, elevated cell-free DNA was asso-
ciated with increased odds of death in the first 14 days,
and as the area under the ROC curve was significantly
greater than 0.5, it might have value as a prognostic
indicator in dogs with IMHA.

Potential sources of cell-free DNA include necrosis,5

apoptosis,5 and release of extracellular traps by leuko-
cytes, particularly neutrophils.25–27 Necrosis is well doc-
umented at necropsy in dogs with IMHA, with
moderate to severe necrosis present in one or more
organ in 82% of dogs.4 Elevated serum cardiac tro-
ponin I concentration in 74% of IMHA dogs suggests
that necrotic myocardial tissue damage is common even
in surviving dogs.28 Apoptosis is also likely to con-
tribute to cell-free DNA as it is induced both by effects
of the disease itself, such as oxidative stress29,30 and by

Fig 3. Correlation between cell-free DNA concentration and area

of DNA lysis. (A) Initial analysis suggested there was a positive

correlation between cell-free DNA concentration and DNase activ-

ity measured by area of lysis (Spearman’s q 0.38; P = 0.045).

However, this was largely the result of a single outlier. (B) Re-ana-

lysis after exclusion of the outlier found no evidence of a correla-

tion between the two parameters (P = 0.11).

Fig 4. ROC curve analysis for cell-free DNA as a predictive mar-

ker for death (A) or thrombosis (B). Area under the ROC curve

was significantly greater than 0.5 for the ability of cell-free DNA

to predict death/euthanasia by day 14 postadmission (four died/

euthanized; 24 survived; P = 0.02); but was not significantly differ-

ent from 0.5 for prediction of confirmed or suspected thrombotic

events (five affected; 23 unaffected; P = 0.61).
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treatment31 Sixty-one percent of dogs enrolled in the
current study received glucocorticoids, a stimulus for
lymphocyte apoptosis, before sample collection.31

Twenty-five percent also received blood products before
enrollment. Blood units, particularly nonleukoreduced
units, do contain cell-free DNA but it is not known if
the concentration is sufficient to alter circulating cell-
free DNA.32

Although NETs trap bacteria, they are often
increased in sterile inflammatory conditions. In humans,
circulating markers associated with NETs are increased
in many diseases including rheumatoid arthritis,33 sys-
temic lupus erythematosus (SLE),22 transfusion-related
acute lung injury,26 cancer,34 and in intensive care
patients.35 Similarly, NET formation is a plausible
source of cell-free DNA in dogs with IMHA. Marked
neutrophilia is a common feature of canine
IMHA,2,36,37 sometimes to the point of a leukemoid
response,38 and neutrophilic tissue inflammation is fre-
quent in postmortem specimens.4 Canine neutrophils
release NETs in vitro39 and many of the stimuli known
to induce NET formation in humans and experimental
animals, including free heme/hemin;40,41 immune
complexes,42 and hypoxia,43 are likely often elevated in
IMHA.44–47

This study also investigated the possibility that
impaired clearance contributes to increased cell-free
DNA. Reduced DNA degradation by endogenous
DNase enzymes is reported in human SLE10,48,49 and
antiphospholipid syndrome9 and is associated with dis-
ease severity.10,50,51 DNA degradation was not signifi-
cantly decreased in IMHA cases compared with
controls. Correlation between cell-free DNA concentra-
tion and DNA lysis was also absent after exclusion of
an outlier, or positive if this dog was included. It there-
fore appears that impaired DNA degradation does not
contribute to elevated cell-free DNA in dogs with
IMHA.

It should, however, be noted that we could not com-
pletely rule out the possibility that interference from
hemolysis or icterus falsely elevated the apparent DNase
activity of IMHA sera. We measured DNase activity
using a previously published ethidium bromide radial
diffusion assay adapted to allow automated quantifica-
tion of lysis area.24 Addition of hemoglobin and biliru-
bin did increase the area of lysis. Absorption peaks for
hemoglobin are at 415, 540, and 570 nm52 and for
bilirubin the peak is between 415 and 440 nm.53 There-
fore, hemoglobin in particular might be falsely increas-
ing lysis area by absorption of light emitted by
ethidium bromide at close to its emission peak of
approximately 600 nm. However, both hemolysis and
icterus controls were derived from biological specimens
and so might contain DNase 1 activity. Statistical com-
parison of results for dogs with or without visible
hemolysis or icterus did not reveal a significant differ-
ence in DNA lysis. Furthermore, serum was diluted 150
to 1 for the DNase assay, so end bilirubin and icterus
concentrations would have been low. Therefore, on bal-
ance we consider systematic alterations in DNase activ-
ity due to hemolysis or icterus unlikely. Effects of

lipemia were not investigated as it was not visible in
any control or case samples.

Methodologic issues are also an important considera-
tion for cell-free DNA isolation. We followed recom-
mendations for sample handling,54–57 except delay
between plasma collection and DNA extraction did
exceed the recommended interval of 9 months for two
dogs (both IMHA cases).57 The difference between cell-
free DNA in cases and controls remained significant
after excluding these dogs (Table S1). It has been sug-
gested that direct measurement of DNA in plasma is
preferable in canine samples because there is some loss
of DNA during extraction.17 Direct measurement of
cell-free DNA in plasma by PicoGreen fluorescence is a
simple assay which correlates well with qPCR.58 How-
ever, during preliminary studies, we found that direct
measurement of DNA in plasma was not reliable in
IMHA due to marked interference from hemolysis and
icterus with the PicoGreen assay (Table S2). It is also
notable that although PicoGreen has been used in
human studies without prior isolation of DNA,22,59 the
product’s datasheet reports interferences from both
albumin and IgG.60

The time involved in DNA isolation and quantifica-
tion would be acceptable for clinical use, and the
equipment required is readily available. The associa-
tion between cell-free DNA and survival is therefore
intriguing, but it should be emphasized that the num-
ber of dogs that died or were euthanized is low. Not
only does this mean that the confidence intervals for
area under ROC curves and odds ratios are wide, but
there is also a risk of a false positive result.61 The
possibility of a spurious association between cell-free
DNA and survival is suggested by the lack of a simi-
lar relationship between cell-free DNA and thrombo-
sis or D-dimers.

On the other hand, accurate diagnosis of thrombosis
in dogs is notoriously difficult and the specificity of D-
dimers for thrombosis is limited, making death or
euthanasia a more robust measure of prognostic
ability.62,63 Furthermore, this is not the first report of a
relationship between cell death and prognosis in dogs:
cell-free DNA has a reported negative predictive value
of 97% for death in a population of dogs with various
diseases,17 and high cell-free DNA was a negative prog-
nostic indicator in canine lymphoid neoplasia.64 The
data presented here could provide a starting point for a
large scale evaluation of cell-free DNA as a prognostic
indicator in IMHA.

The biological plausibility of a relationship between
cell-free DNA and survival in IMHA provides further
support for such a study. This is in part because DNA
provides an indirect measure of cell death. It will there-
fore be important in future studies of its prognostic
ability to compare performance with simpler measures
of hypoxia and tissue damage such as lactate.44 How-
ever, DNA itself also has direct deleterious effects. Most
notably for IMHA, a disease with a high rate of
thrombosis, DNA has been shown to have prothrom-
botic effects on the human and canine coagulation
system.12–14,65 The negative charge of DNA provides a
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surface for contact pathway activation,11,12 and the
DNA backbone of neutrophil extracellular traps locally
concentrates tissue factor and a potential activator of
tissue factor, protein disulfide isomerase.18 DNA is also
antifibrinolytic, partly because it forms inhibitory com-
plexes with fibrin and plasmin.13,14

This link between cell-free DNA and hypercoagula-
bility suggests that cell-free DNA could also be a thera-
peutic target in IMHA. In experimental models of
venous thrombosis, DNase treatment improves
outcome.18,19 Additionally, in a human proof-of-con-
cept trial, SLE flare-ups were reduced by metformin, an
inhibitor of mitochondrial neutrophil extracellular trap
release.66 Although the current study does show overlap
in cell-free DNA concentrations between IMHA sur-
vivors, nonsurvivors and healthy dogs, one nonsurvivor
had a marked increase. Therefore, evaluation of thera-
pies that reduce DNA release or accelerate its break-
down might be warranted, at least in a subset of IMHA
cases.

It should be emphasised that in the current study,
treatment was not standardized except for the require-
ment that IMHA cases could not receive heparin before
study enrollment. The study was not designed to detect
the effect of medications on outcome, so to avoid mis-
leading conclusions due to low-power, statistical analy-
sis of the relationships between cell-free DNA,
treatment and outcome have not been performed. How-
ever, it is noteworthy that 5/7 (71%) dogs with cell-free
DNA concentrations in the upper quartile received
unfractionated heparin compared with only 8/21 (38%)
dogs with cell-free DNA concentrations in the lower
three quartiles. It is possible the more aggressive throm-
boprophylaxis received by dogs with high cell-free
DNA might have led to underestimation of the strength
of the relationship between cell-free DNA and throm-
botic risk. Similarly, variation in immunosuppressive
protocols could be a confounding factor. In future stud-
ies of the prognostic value of cell-free DNA or of the
utility of anti-DNA therapies, it will therefore be impor-
tant to standardize treatment.

In this discussion, we have highlighted several limi-
tations of the study, the most important of which is
the low number of enrolled dogs with IMHA that died
or were euthanized. There are other factors which
might have influenced our results. Firstly, effects of
breed, age, or sex on circulating cell-free DNA have
not been reported for dogs, but it is possible that fac-
tors other than disease status might alter the concen-
tration of cell-free DNA. Secondly, seven dogs were
excluded due to lack of available staff for sample pro-
cessing.

In conclusion, this study demonstrates that cell-free
DNA is increased in dogs with IMHA compared with
healthy controls and this is likely due to increased
production not reduced degradation. Preliminary data
suggest that cell-free DNA might have value in pre-
dicting death or euthanasia, but this requires confir-
mation in a larger independent cohort of dogs with
IMHA.

Footnotes

a Surflo winged infusion set, Terumo, Tokyo, Japan
b Sodium citrate dehydrate, Sigma-Aldrich Corp, St. Louis, MO
c Plastic whole blood tube with spray-coated K2EDTA (3 mL),

BD Vacutainer, Franklin Lakes, NJ
d Serum tube, no additive, BD Vacutainer, Franklin Lakes, NJ
e G*Power version 3, Universit€at D€usseldorf, Germany
f QIAamp DNA Blood Mini kit, Qiagen, Valencia, CA
g Quant-iT PicoGreen, Thermofisher scientific, Waltham MA
h DNase-free low melting point agarose, Sigma-Aldrich Corp, St.

Louis, MO
i Ethidium Bromide 0.625 mg/mL solution, Thermofisher scientific,

Waltham, MA
j Corning Inc., Corning, NY
k National institutes of health, Bethesda, MD
l Pulmozyme (dornase alfa), Genentech, San Francisco, CA
m MAS Bilirubin (level 3); Thermoscientific, Waltham, MA
n Hemosil D-Dimer, Instrumentation Laboratories, Orangeburg,

NY
o GraphPad Software Inc., La Jolla, CA
p Canine Comprehensive Panel, Vector Borne Disease Diagnostic

Lab, Raleigh, NC
q SNAP 4Dx Plus, IDEXX, Westbrook, ME
r Tick Profile with Lyme Quant C6 Test, IDEXX, Westbrook, ME
s Lepto 5 MAT, Iowa State Veterinary Diagnostic Laboratory,

Ames, IA
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