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Dogs serve as a promising aging model due to their genetic diversity, condensed lifespan, and shared
living environment with humans. Alterations in the immune and metabolic parameters are hallmarks
of aging in humans, but few studies have investigated these changes in dogs. We investigated the
association of whole blood parameters with aging in a cross-sectional field study with a population
of 451 companion dogs. Additionally, we measured total lymphocytes, total T-cells, CD4 T-cells,

CD8 T-cells, B-cells, CBC, insulin and adiponectin in a cross-sectional study of 74 laboratory research
beagles. In companion dogs, we report total lymphocytes and RBCs decrease significantly with

age while platelets increase significantly. In lab beagles, total lymphocytes, T-cells, CD4 T-cells,
CD8T-cells, and B cells are significantly lower in Aged and Geriatric beagles. Furthermore, the CD4/
CD8 ratio is significantly lower in Geriatric beagles. We also found that Geriatric beagles experience
hyperinsulinemia, while plasma adiponectin is significantly lower in both Aged and Geriatric beagles.
These results align with the age-related immune and metabolic alterations seen in humans and provide
additional evidence that dogs serve as a relevant translational model of aging.

Aging is a highly complex, multifactorial process that differentially affects all organ systems. Due to the time
required to study physiological and pathological changes that occur with aging in human populations, model
species that reflect these changes in a condensed time frame are of critical need. Challenges of using rodent
and invertebrate models include limited genetic and environmental diversity, as well as distance from humans
on the phylogenetic tree!. Dogs provide a unique opportunity to address these challenges because they have
condensed lifespans compared to humans?. Similarly to humans, dogs vary greatly in size and genetics, variables
shown to affect their predisposition to certain diseases and influence lifespan®. Importantly, companion dogs
share a similar living environment to humans, unlike commonly used preclinical species (e.g. rodents) that are
studied in artificially controlled laboratory environments. These factors may play a role in both humans and dogs
developing similar age-related diseases, such as osteoarthritis, sarcopenia and cancer>*>.

The characteristics and composition of blood change as an element of the natural aging process. These
characteristics, including cell count, size, shape and surface protein (marker) expression, have all been shown to
change with age in humans®. The Complete Blood Count (CBC) test, a frequently used clinical diagnostic tool
and evaluation of general health, measures cell counts and certain cell properties in blood samples. Investigations
into the age-related changes in CBC reported that the counts of lymphocytes, red blood cells (RBCs), and
platelets are shown to decrease with age while neutrophil count increases’. Similarly in dogs, an investigation
into a heterogeneous population of companion dogs found that lymphocyte counts were negatively associated
with age, but no significant age-associated changes for RBCs or platelets were reported!.

Age-related changes in the immune system and immune function have also been extensively described in
humans. The thymus, an immune organ that is critical for lymphocyte maturation, has been shown to atrophy
with advanced age in humans'’. This thymic atrophy leads to reduced lymphocyte production and disrupts the
relative balance of distinct lymphocyte subsets, which can compromise the adaptive immune response. To this
end, the total number of lymphocytes, as well as the absolute counts of individual lymphocyte subsets, have been
reported to decline with age. Additionally, total lymphocytes, T-cells (CD3+), helper T-cells (CD3 + CD4+),
cytotoxic T-cells (CD3 + CD8+), and B-cells (CD3-CD21+) have all been shown to decrease as humans age!!~14.
Furthermore, the ratio of CD4 + T-cells to CD8 + T-cells (CD4/CD8) has also been observed to decline!'?. Indeed,
low lymphocyte levels and a reduced CD4/CD8 ratio are associated with impairment of the adaptive immune
system, which leads to functional consequences, such as poor vaccine efficacy and increased susceptibility to
infections and cancer!>!6.

These changes in lymphocyte populations have also been described in dogs. Decreases in total lymphocytes,
T-cells, CD4 T-cells, and CD8 T-cells with age have been reported in a longitudinal study of Labrador retriever
dogs'. In a separate cross-sectional study, lymphocyte populations in older dogs were seen to have lower
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percentages of B-cells and higher percentages of total T-cells and CD8 T-cells, while the percentage of CD4
T-cells was unchanged'®. Recently, a cross-sectional pilot study in a mixed population of companion animals
demonstrated that total lymphocyte counts decreased with age, however lymphocyte subpopulations were not
examined!?. While these trends point to similarities in age-related immune cell fluctuations in dogs and humans,
there are scant dog studies available in the literature, none of which quantify lymphocyte subsets in a genetically
diverse population of dogs.

In addition to age-related immune cell and function changes, fasting metabolic parameters have also been
described to change with age across several species. Notably, lipid markers of metabolism, such as cholesterol
and free fatty acids, were reported to increase with age and associate with increased frailty in dogs'®. Two
hormones in particular, adiponectin and insulin, have been extensively studied due to their pleiotropic effects
on insulin sensitivity and glucose homeostasis in aging mammals?*?!. Fasting insulin and indices that account
for fasting insulin (e.g. HOMA-IR) have been used to assess the presence of hyperinsulinemic compensation and
insulin resistance in human populations with aging-related diseases??. In humans and rodents, insulin clearance
deteriorates with age, which associates with a broader decline in overall insulin sensitivity?. Similarly in dogs, it
has been reported that dogs experience age-related hyperinsulinemia and peripheral insulin resistance®*.

One important factor that could influence age-related changes in immune function is adiponectin, which is
an adipokine that has been described to have insulin sensitizing effects in metabolic tissues (e.g. muscle, liver),
as well as anti-inflammatory effects in immune cell populations (e.g. macrophages)?>2°. In humans, adiponectin
concentrations are reported to decrease with development and progression of several age-related diseases?.
Conversely, populations of long lived humans (e.g. centenarians) have been described to exhibit high levels of
circulating adiponectin?’. While the effects of adiponectin are well characterized in humans and rodents, the
associations of low adiponectin with diseases has only been sparsely investigated in dogs, with lower levels of
adiponectin seen in certain disease states such as sepsis and mitral valve disease compared to healthy dogs*>%.

Collectively, there are relatively few studies examining alterations in these immune and metabolic parameters
in aging dogs. Therefore an assessment of whether these pathobiological alterations are conserved in dogs
is integral in determining their potential as a model species to study aging. In this observational study, we
aimed to assess differences in total lymphocytes, RBCs and platelets in a cross sectional cohort of 451 real-
world, companion dogs previously described by Chen et al., 2023%. In addition, we aimed to cross-sectionally
characterize immune and metabolic changes in a population of young, aged and geriatric laboratory beagles by
measuring CBC, lymphocyte subsets, insulin and adiponectin.

Methods
Companion dog field study design
Study design, methods, population demographics, dog breeds and clinical chemistry have been described
previously'®3°. In brief, this investigation was performed according to VICH-GL9 Good Clinical Practice (GCP)
standards and approved by an independent JACUC through Veterinary and Biomedical Research Center, Inc.
(VBRC) (Approval no.: VACLOY001CLDEFE-1PILC). All investigators and study veterinarians consisted of
licensed veterinarians. Owner consent was obtained prior to initiating study procedures. This study is reported
in accordance with ARRIVE guidelines.
Eligibility criteria for the study included dogs from ages >2 and <6 years (‘Young’) or >7 years (‘Old’) and
if body weight was <11.3 kg (25 Ibs) (small) or >22.7 kg (50 Ibs) (large). The study enrolled 451 eligible (406
with complete data), mature, adult dogs consisting of 43.6% mixed breeds and 56.4% purebred dogs. The mean
age was 7.72 years (range=2.0 to 17.7, SD =3.8) and the mean weight was 24.0 kg (range=1.3 to 80, SD=15).
Fasted blood samples were collected in veterinary clinics by venipuncture in a serum separator tube. The
protocol required at least 6 h of fasting. However, fasting adherence was not confirmed. Samples were settled at
room temperature for >60 min prior to centrifugation at 2800-3200 rpm for 10 min at ambient temperature.
Resulting serum was divided into aliquots of approximately 500-1000puL using 1.8 mL cryovials and stored at
approximately — 80 °C until shipment to be analyzed by IDEXX Bioanalytics (Sacramento, CA).

Laboratory beagle study design

Seventy-four adult male and female laboratory beagles weighing 8.3 to 14.9 kg were included in the study.
The dogs were stratified into three groups determined by their age. The “Young” group consisted of 40 beagles
ranging from 1.4 to 4.7 years old, the “Aged” group consisted of 21 beagles ranging from 8.0 to 9.1 years old, and
the “Geriatric” group consisted of 12 beagles ranging from 10.5 to 13.5 years old. No dogs were excluded on the
basis of age; gaps in the age range between groups (e.g. 5 to 6 years old) are due to limited age diversity present
in the cohort. This study is reported in accordance with ARRIVE guidelines.

Blood collections for endpoint analysis were completed at a single time point, across four separate groups
of animals. Protocols were approved by the institutional animal care and use committee (IVS218-22027-DZ,
IVS218-22045-DZ).

Following a 14 h fast, blood was collected via jugular venipuncture to assess insulin, adiponectin, flow
cytometry and CBC. Whole blood was transferred into a K2EDTA tube and gently inverted. Samples were
centrifuged at 2800-3200 RPM for 10 min at 4 °C. Resulting plasma was frozen at -80 °C until analysis.

Insulin, adiponectin, and CBC

Circulating canine insulin and total adiponectin concentrations were measured from plasma by single-analyte
ELISA (Canine Insulin ELISA, Mercodia 10-1203-01; CircuLex Dog Adiponectin ELISA, MBL International
CY-8052, respectively) and analyzed by Mercodia AB (Sylveniusgatan 8 A, SE-754 50 Uppsala, Sweden). CBC
analysis was completed from fresh whole blood by IDEXX Bioanalytics (Sacramento, CA).
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Antibodies

Lymphocyte markers were selected based on a clinically validated panel for the diagnosis of leukemia in dogs®'.
CD3 is a marker of mature T-cells, CD4 is a marker of helper T-cells, CD8 is a marker of cytotoxic T-cells,
and CD21 is a marker of mature B-cells. FITC-conjugated anti-CD3 (CA17.2A12), PE-conjugated anti-CD21
(CA2.1D6), Pacific Blue-conjugated anti-CD4 (YKIX302.9), and AF647-conjugated anti-CD8 (YCATES55.9)
were sourced from BioRad (Hercules, CA).

Flow cytometry

Whole blood was stained 1:10 with each antibody. Samples were mixed by pipetting and incubated 15 min in the
dark at room temperature. Samples were then lysed with 1X PharmLyse (BD Biosciences), mixed by pipetting
and incubated for 10 min in the dark at room temperature. After, samples were centrifuged at 1700 rpm for
5 min at room temperature with brake. Supernatant was then discarded, and samples were washed once with 1X
DPBS CMF (Life Technologies). After washing, samples were resuspended in 125 pl of 1X DPBS CME.

Stained cells were acquired on a FACSCanto™ flow cytometer and analyzed using BD FACSDiva™ software
version 8.0 (BD Biosciences). The flow cytometer was set to collect 20,000 lymphocyte events in each tube.
The lymphocyte population was determined by electronic gating on the basis of forward versus side scatter.
Subpopulations were identified by fluorescent antibodies for specific cell markers (Fig. S1). Sample analysis was
performed at Translational Drug Development (Bothell, WA).

Statistical analysis

One female aged beagle was removed for an outlier insulin value that was below the limit of quantification.
One female geriatric beagle was removed for an outlier CD4/CD8 value that was 2.9, which was greater than
two standard deviations of the mean. One female geriatric beagle was removed because it developed dermatitis
and received treatment with an immunosuppressant. If platelet clumping was observed in the platelet sample
analysis, that beagle was removed from the platelet analysis.

The laboratory beagle cohort was divided into three age groups, in parallel with the study design, defined
as: “Young” (1-4.99 years), “Aged” (8-9.99 years), and “Geriatric” (10 +years). Additionally, there was limited
variability in continuous age within age groups of the laboratory beagles, precluding the ability to treat age as a
continuous variable within or across groups.

In the companion dog cohort, age was assessed as both a continuous and a categorical variable to facilitate
comparisons with the laboratory beagle cohort. Age groups were defined as: Young” (2-5.99 years), “Aged” (7-
9.99 years), and “Geriatric” (10 + years).

Demographics of the laboratory beagle cohort (age, weight and sex) as well as endpoints are summarized
using mean, standard error, and ranges stratified by age groups and for the groups overall. Detailed demographics
of the companion dog cohort are previously reported in Chen et al., 2023%. A reduced set of demographics of the
companion dog cohort were described here.

Associations between age groups and individual markers were tested using multiple regression, with age as
the primary predictor. Overall effects of age were tested using F-test. In the beagle cohort, body weight (kg) was
the only available candidate covariate and was individually added to each model. If the addition of body weight
significantly improved model fit (F-test resulting in p <0.05), it was included in the model as a covariate. For the
companion dog cohort, body condition score, neuter status, and sex were also considered as possible covariates
under the same methodology. Only covariates which reached significance were included in the models and
reported in their respective tables.

Post-hoc pairwise comparisons of differences in markers across age groups were performed, using Tukey
adjustment for multiple comparisons. Assumptions of normality and homoscedasticity were assessed using
visual inspection (histogram and quantile-quantile plots) and Levene’s test for equal variances, respectively.

To leverage the breadth of age ranges captured in the companion dog cohort, age was also tested as a
continuous measure. As the effect of age on individual markers may change over the lifespan, an interaction
between continuous age and age group (defined above) was included, allowing for estimates of rates of change
in young, aged, and geriatric dogs separately. Estimated marginal means of linear trends (e.g., slopes for each
age group) were estimated from these models to estimate aging-related changes in marker levels across these age
groups. A comparable analysis could not be performed in the laboratory beagles due to limited variability in age
ranges in the cohort.

All tests were tested with a two-sided alpha=0.05. All statistics were performed using R version 4.3.2.

Results

Companion dog study demographics

The cross-sectional companion dog study (Healthspan) included a total of 451 dogs of which 46.3% were female
and 53.7% were male. The mean age of dogs was 7.72 years (range=2.0 to 17.7, SE=0.2). Mean weight was
24.0 kg (range=1.3 to 80, SE=0.7) and mean Body Condition Score was 5.4 (range=3 to 0, SE=0.0) (Table 1).
The majority (91.1%) of dogs were neutered. The population consisted of 43.6% mixed breeds and 56.4%
purebred dogs. Full demographics from this population are reported by Chen et al., 2023%.

Laboratory beagle cohort demographics

The cross-sectional laboratory beagle study included a total of 74 beagles of which 59.5% were female and 40.5%

were male (Table 1). The mean age of dogs was 6.63 years (range=1.4 to 13.5, SE=0.39). Mean weight was

11.13 kg (range =8.3 to 14.9, SE=0.18). All dogs were intact, purebred beagles with no underlying health issues.
The dogs were stratified into three groups determined by their age range. The “Young” group consisted of 40

beagles ranging from 1.4 to 4.7 years old, the “Aged” group consisted of 21 beagles ranging from 8.0 to 9.1 years
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Field-study Healthspan Cohort Laboratory Beagle Cohort
Variable Young (N=182) | Aged (N=133) | Geriatric (N=136) | Total (N=451) | Young (N=40) | Aged (N=21) | Geriatric (N=13) | Total (N=74)
Female 84 (46%) 58 (44%) 67 (49%) 209 (46%) 18 (45%) 14 (67%) 12 (92%) 44 (59%)
Age (years)
Mean=+SE | 3.9+0.1 8.3+0.1 12.3+0.1 7.7+0.2 3.90+0.16 8.40+0.08 12.17+0.24 6.63+0.39
Range 2.0-5.9 7.0-9.9 10.0-17.7 2.0-17.7 1.40-4.70 8.00-9.10 10.50-13.50 1.40-13.50
Body weight (kg)
Mean=+SE | 26.2+1.1 263+1.4 18.8+1.2 24.0+0.7 11.47+0.26 11.04+0.28 10.23+0.31 11.13+0.18
Range 1.4-80.0 2.3-744 1.3-50.4 1.3-80.0 8.30-14.90 9.00-12.90 8.50-12.00 8.30-14.90
Body condition score
Mean+SE | 5.5+0.1 5.6+0.1 53+0.1 5.4+0.0 - - - -
Range 4.0-8.0 4.0-9.0 3.0-8.0 3.0-9.0 - - - -

Table 1. Demographics of laboratory beagle and healthspan cohorts stratified by age groups.

Young (<6) Aged (7-10) | Geriatric (10+) | Total
Variable (N=182) (N=133) (N=136) (N=451) p-value!
Lymphocyte count <0.001
N 180 133 135 448
Mean +SE 2,522.2+68.0 | 1,950.6+70.5 | 1,874.9+83.4 2,157.4+44.8
Range 201.0-7,060.0 | 809.0-7,592.0 | 213.0-7,636.0 201.0-7,636.0
RBC <0.001
N 180 133 136 449
Mean +SE 7.6+0.1 7.4%0.1 6.9+0.1 7.4+0.0
Range 5.7-9.6 4.6-8.9 2.7-9.7 2.7-9.7
Platelet count <0.001
N 180 133 135 448
Mean +SE 274.3+8.0 294.1+7.7 356.1+£12.5 304.8+5.7
Range 62.0-793.0 71.0-611.0 37.0-1,021.0 37.0-1,021.0

Table 2. Companion dog cohort CBC parameters. 'Overall age-group effect tested from multiple regression
with covariates body weight (kg) and body condition score.

Variable* Aged vs. young | Geriatric vs. young | Aged vs. geriatric
Lymphocytes | <0.001*** <0.001** 0.647

RBC 0.009** <0.001*** <0.001*
Platelets 0.334 <0.001** 0.001**

Table 3. Companion dog cohort post-hoc pairwise comparisons of group differences in analyte parameters.
*P-values generated from post-hoc pairwise comparisons of multiple regression models with age-group as
main effect and body weight (kgs) and body condition score as covariates. P-values adjusted using Tukey
multiple comparison adjustment. *p <0.05, **p <0.01, ***p <0.001.

old, and the “Geriatric” group consisted of 12 beagles ranging from 10.5 to 13.5 years old. Beagles were binned
into three age groups as opposed to using a linear regression method because age sampling diversity was low.

CBC in companion dogs

CBC results from companion dogs can be found in Tables 2 and 3, and Fig. 1. Lymphocytes and RBC counts
both significantly declined in Aged and Geriatric dogs compared to Young dogs (p<0.01, Fig. 1A-B). While
there was no significant difference between Aged and Geriatric lymphocyte counts, RBC counts were decreased
in geriatric dogs compared to aged dogs (p <0.001, Fig. 1B). Platelets significantly increased in Geriatric dogs
compared to Young dogs (p<0.001, Fig. 1C) and Aged dogs (p<0.001). However, there were no significant
differences between platelet counts between Aged and Young dogs.

Scatter plots and estimated marginal trends for age can be found in Fig. 1D-F. Outcomes are standardized
(mean=0, SD=1) to facilitate comparison of effect sizes across parameters. Age-related changes in lymphocytes
are the most dramatic in Young dogs (Slope = -0.17, p=0.009) where changes begin to flatten once dogs reach
7 +years of age. RBCs showed an accelerating decline with age where Geriatric dogs showed significant age-
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Fig. 1. Lymphocytes and red blood cells decline with age while platelets increase with age in companion
dogs. (A-C) CBC parameter results from Young, Aged, and Geriatric dogs from the companion dog cohort.
All values reported as mean + SEM. P-values measured via pairwise comparisons of multiple regression with
age group as main effect and body weight and condition score as covariates. Tukey adjustments for multiple
comparisons were used. (D-F) Scatter plots showing associations between age and CBC parameters stratified
by age group. Plot text reflects estimated marginal trends (i.e. slope estimates) from a model with age by age
group interaction and body weight and condition score as covariates.

related declines (Slope = -0.23, p<0.001). Platelet count showed accelerating increase with age, with Geriatric
dogs showing significant age-related increases (Slope=0.30, p<0.001). As all outcomes were normalized, these
slopes can be interpreted as 1 year increase in age is associated with a [slope] standard deviation change in a
given parameter.

CBCin laboratory Beagles

CBC results from laboratory beagles are summarized in Tables 4 and 5, and Fig. 2. Similar to what was observed
in companion dogs, RBC count significantly declined in Aged and Geriatric beagles compared to Young beagles
(p<0.001), however, there was no difference detected between Aged vs. Geriatric groups (Fig. 2A-C). Similarly,
hematocrit was significantly lower in the Aged and Geriatric groups compared to Young (p<0.01), but there
was no difference between Aged vs. Geriatric. Hemoglobin followed the same trend, where levels in Aged
and Geriatric dogs were significantly lower than Young beagles (p<0.01; p<0.001, respectively) while Aged
vs. Geriatric comparison showed no significant difference. Platelet count was significantly higher in Geriatric
beagles compared to Young and Aged beagles (p <0.001), resembling the relationship seen in companion dogs
(Fig. 2D). While Geriatric beagles had greater platelet counts than Young and Aged dogs, there was no significant
difference detected between the Young vs. Aged beagles.

Lymphocyte populations in laboratory Beagles
The results for total lymphocytes and lymphocyte subsets are summarized in Table 2; Fig. 3. In addition, a
representative flow cytometric analysis used to acquire lymphocyte subset data is shown in Supplemental Fig. 1.
Similarly to what was shown in the companion dog cohort, Aged and Geriatric beagles had significantly lower
total lymphocyte counts than Young beagles (p <0.001). The mean lymphocyte count in Geriatric beagles was
lower than Aged beagles, however the difference was not statistically significant (Fig. 3A).

Similarly, Aged and Geriatric beagles had significantly lower CD3 + counts than Young beagles (p<0.001).
CD3 + count in Geriatric dogs was lower than that of Aged dogs, but the difference was not significant (Fig. 3B).
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Variable Young (N=40) | Aged (N=21) | Geriatric (N=13) | Total (N=74) | p-value
Insulin (mU/L) 0.046*
N 40 20 13 73

Mean +SE 9.04+0.87 7.28+0.80 12.37+2.27 9.15+0.68

Range 2.34-27.36 3.96-14.54 2.65-26.57 2.34-27.36

Adiponectin (ug/mL) 0.004**
N 40 21 13 74

Mean +SE 16.84+2.01 9.68+1.06 7.80+1.36 13.22+1.24

Range 3.48-48.39 1.94-21.11 1.75-17.13 1.75-48.39

Lymphocytes (x 10° cells/mL) <0.001%*+*
N 30 17 11 58

Mean +SE 1.89+0.07 1.45+0.07 1.20£0.07 1.63+0.06

Range 1.10-2.90 1.00-2.00 0.90-1.60 0.90-2.90

CD3+ (x 10° cells/mL) <0.001*
N 30 17 11 58

Mean +SE 1.43+0.07 1.07£0.06 0.86+0.05 1.22+0.05

Range 0.81-2.34 0.77-1.55 0.61-1.14 0.61-2.34

CD3- CD21+ (x 10° cells/mL) <0.001%*
N 30 17 11 58

Mean +SE 3.43+0.24 2.47+0.32 1.51+£0.26 2.78+0.19

Range 1.81-7.14 0.74-5.55 0.47-3.26 0.47-7.14

CD3+CD4+ (x 10° cells/mL) <0.001%*
N 30 17 11 58

Mean +SE 7.21+£0.34 5.21+0.28 3.90+0.32 6.00+0.27

Range 4.04-13.14 3.49-7.50 2.38-5.67 2.38-13.14

CD3 +CD8+ (x 10° cells/mL)* <0.001%*
N 30 17 11 58

Mean +SE 4.85+0.32 3.70+£0.26 3.42+0.27 4.24+0.20

Range 2.02-8.86 2.18-6.28 2.07-5.01 2.02-8.86

CD4 / CD8 Ratio 0.056

N 30 17 11 58

Mean +SE 1.59+0.07 1.49+0.11 1.21+£0.14 1.49+0.06

Range 0.76-2.30 0.97-2.53 0.57-2.26 0.57-2.53

RBC (x 10° cells/mL)* <0.0017%*
N 30 17 11 58

Mean +SE 7.13+£0.12 6.41+0.14 6.29+0.16 6.76+0.10

Range 5.90-8.70 5.30-7.60 5.50-7.20 5.30-8.70

Hematocrit (L/L)* <0.001%%*
N 30 17 11 58

Mean +SE 0.49+0.01 0.44+0.01 0.43+0.01 0.46+0.01

Range 0.39-0.61 0.37-0.54 0.36-0.50 0.36-0.61

Hemoglobin (g/L)* <0.001*
N 30 17 11 58

Mean +SE 166.60 +3.20 150.29+3.17 145.00 £4.46 157.72+2.39

Range 134.00-209.00 | 126.00-182.00 | 123.00-173.00 123.00-209.00

Platelets (x 10° platelets/mL) <0.001*
N 23 15 11 49

Mean +SE 240.96+£9.51 244.87 £14.53 | 344.64+21.57 265.43+9.90

Range 173.00-316.00 | 152.00-329.00 | 254.00-484.00 152.00-484.00

MCV (fL) 0.195

N 30 17 11 58

Mean +SE 68.21+£0.37 68.91+£0.48 67.84+0.56 68.34+0.26

Range 63.90-71.80 65.60-71.70 65.50-71.20 63.90-71.80

MCH (pg) 0.244

N 30 17 11 58

Mean +SE 23.37+0.12 23.44+0.17 23.02+0.19 23.32+0.09

Range 22.00-24.50 22.30-24.70 22.20-24.00 22.00-24.70

Continued
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Variable Young (N=40) | Aged (N=21) | Geriatric (N=13) | Total (N=74) | p-value
MCHC (g/L) 0.110
N 30 17 11 58

Mean +SE 342.59+0.86 340.38+1.21 339.42+1.30 341.34+0.64

Range 334.70-356.30 | 331.10-350.00 | 333.30-346.00 331.10-356.30

RDW 0.215
N 30 17 11 58

Mean +SE 13.39+£0.21 12.88+0.22 12.99+0.18 13.16+0.13

Range 11.80-16.30 11.90-14.90 12.00-14.20 11.80-16.30
Reticulocytes (K/puL)* 0.008**
N 30 17 11 58

Mean +SE 34.05+3.17 21.40+1.82 28.86+5.35 29.36+2.10

Range 13.40-81.40 5.40-38.00 11.00-66.00 5.40-81.40

Reticulocyte hemoglobin (pg) 0.233
N 30 17 11 58

Mean +SE 25.37+0.14 25.16+£0.23 24.88+0.24 25.22+0.11

Range 24.10-27.30 23.50-27.00 23.60-26.20 23.50-27.30

WBC (x 10° cells/mL) 0.160
N 30 17 11 58

Mean +SE 7.00£0.23 6.18+£0.35 6.53+0.51 6.67+0.19

Range 5.30-9.80 3.60-8.50 3.70-9.10 3.60-9.80

Neutrophils (x 10° cells/mL) 0.410
N 30 17 11 58

Mean +SE 4.27+0.18 4.08+0.25 4.66+0.44 4.28+0.15

Range 2.90-7.10 2.20-6.10 2.30-7.10 2.20-7.10

Monocytes (x 10° cells/mL) 0.545
N 30 17 11 58

Mean +SE 0.47+0.03 0.44+0.03 0.43+0.05 0.45+0.02

Range 0.30-0.80 0.20-0.70 0.30-0.90 0.20-0.90

Eosinophils (x 10° cells/mL) 0.059
N 30 17 11 58

Mean +SE 0.31+0.02 0.22+0.03 0.24+0.04 0.27+0.02

Range 0.10-0.60 0.10-0.50 0.10-0.50 0.10-0.60

Table 4. Laboratory beagle parameters measured stratified by age group. P-values based on F test of age-group.
*p<0.05, *p<0.01, **p <0.001. *CD3 + CD8+ (x 10° cells/mL), RBC (x 10° cells/mL), Hematocrit (L/L),
Hemoglobin (g/L), MCV (fL), Reticulocytes (K/uL) adjusted for body weight (kg).

CD3- CD21 +cell count was significantly lower in Aged and Geriatric dogs compared to Young dogs (p <0.05;
Pp<0.001, respectively). However, the CD3- CD21 + cell count reduction in Geriatric vs. Aged was not statistically
significant (Fig. 3C).

Aged and Geriatric beagles had significantly lower CD3 + CD4 + cell counts than Young beagles (p <0.001).
CD3+CD4 +cell count in Geriatric beagles was lower than Aged beagles, however the difference was also not
statistically significant (Fig. 3D). CD3 +CD8 +cell counts were significantly lower in the Aged and Geriatric
groups compared to the Young group as well (p <0.05). There was no significant difference in CD3 + CD8 + count
for Geriatric vs. Aged comparison (Fig. 3E). The ratio of CD4 + cells to CD8 + cells (CD4/CD8) trended towards
reduction but was only significantly lower in the Geriatric vs. Young group comparison (p <0.05, Fig. 3F).

Insulin and adiponectin in laboratory Beagles

The results for plasma insulin and adiponectin levels are summarized in Table 2; Fig. 4. Fasting insulin levels were
significantly elevated in Geriatric dogs compared to Aged dogs (p <0.05; Fig. 4A). Adiponectin concentrations
were significantly higher in Young dogs compared to both Aged and Geriatric dogs (p < 0.05; Fig. 4B).

Discussion

The changes in immune and metabolic function are central elements of mammalian aging and age-related
diseases. These changes are most well-described in humans and preclinical models, such as rodents, that have
been used as a model to study age-related disease®?. Investigations into real world populations of companion
dogs have gained popularity due to their exposure to similar environmental factors, natural development of
similar age-related diseases and potential for greater translatable capacity. In addition, laboratory dogs may
experience relevant age-related changes, similar to those seen in humans and real-world companion dogs. In
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Variable Aged vs. young | Geriatric vs. young | Aged vs. geriatric
Insulin (mU/L) 0.494 0.162 0.036*
Adiponectin (ug/mL) 0.026* 0.016* 0.854
Lymphocytes (x 10 cells/mL) | <0.001*** <0.001*** 0.173
CD3+ (x 10° cells/mL) <0.001*** <0.001*** 0.178
CD3- CD21+ (x 10° cells/mL) 0.034* <0.001*** 0.121
CD3+CD4+ (x 10° cells/mL) | <0.001*** <0.001*** 0.088
CD3+CD8+ (x 10° cells/mL)* 0.010** 0.002** 0.592
CD4/CDS8 ratio 0.75 0.044* 0.222
RBC (x 10 cells/mL)* <0.001*** <0.001*** 0.507
Hematocrit (L/L)* <0.001*** <0.001*** 0.281
Hemoglobin (g/L)* <0.001*%* <0.001*%* 0.265
Platelets (x 10° platelets/mL) 0.975 <0.001*%* <0.001*%*
MCV (fL)+ 0.605 0.48 0.169
MCH (pg) 0.93 0315 0.245
MCHC (g/L) 0.281 0.148 0.861
RDW 0.228 0.511 0.954
Reticulocytes (K/puL)* 0.007** 0.202 0.678
Reticulocyte Hemoglobin (pg) | 0.668 0.216 0.661
WBC (x 10° cells/mL) 0.145 0.614 0.799
Neutrophils (x 10° cells/mL) 0.841 0.588 0.379
Monocytes (x 10° cells/mL) 0.656 0.633 0.988
Eosinophils (x 106 cells/mL) 0.065 0.301 0.899

Table 5. Post-hoc pairwise comparisons of group differences in analyte parameters. *Adjusted for body weight
(kg). *p<0.05, **p<0.01, ***p<0.001.

this study we aimed to examine the changes in immune populations in both real-world companion dogs and
a cohort of laboratory beagles of varying age to determine if changes in immune populations were conserved
across species. Additionally in the laboratory beagles we measured insulin and adiponectin, two key metabolic
hormones that are integral to age-related disease.

Consistent with findings in humans, we observed that lymphocyte count declines with age in both companion
dogs and laboratory beagles’. Our data recapitulate a recent field study in companion animals that found the
same result'®. Expanding on these findings, we also found that RBC decreases with age in companion dogs, and
RBC, hematocrit and hemoglobin levels decrease with age in laboratory beagles, mirroring age-related declines
seen in humans with advanced age’.

In humans, platelet count has been reported to decrease with age due to the gradual loss of hematopoietic tissue
in the bone marrow™®. However an inversion of this relationship may be related to certain aging-related diseases
such as sarcopenia. Several investigations have reported that elevations in platelet count are independently
associated with muscle loss and weakness from sarcopenia®. Both our investigation into companion dogs
and laboratory beagles found that platelet count increases with age. This suggests that aging dogs capture an
element of aging-related disease that is infrequently observed in healthy, aging humans. Of note, a field study in
companion dogs reported a weak positive correlation between age and platelet count that was lost with multiple
comparisons!’. Differences in the sampled population and cohort size may explain the loss of correlation with
multiple comparisons seen in the field study. More investigations are warranted investigating the relationship
between age-related changes in platelet count and muscle loss and weakness in dogs.

Although CBC can reveal changes in total lymphocyte count, it is unable to differentiate between lymphocyte
subpopulations such as T-cells and B-cells. Changes in T-cell and B-cell counts are indicative of immune system
dysfunction, and they have also been reported in aging humans®®. We aimed to assess whether or not the changes
in lymphocyte subpopulations seen in aging humans are also found in aging dogs. Interrogating lymphocyte
subpopulations requires fresh samples to be measured via flow cytometry, an assay much more technically
involved than CBC, requiring specialized equipment and species-specific reagents. For this reason, we were only
able to conduct flow cytometry analysis in the laboratory beagle cohort. Indeed, we observed that total T-cells,
CD4 + T-cells, CD8 + T-cells and B cells declined with age in dogs, mirroring the trends reported in humans!12,
Furthermore, the ratio of CD4 +to CD8 + cells declined in geriatric dogs, an immune phenotype also observed
in humans!'% These results provide additional supporting evidence that changes in the immune system and
immune cell populations are conserved elements of aging in dogs, mirroring age-related immune cell changes
in humans!%-1217,

Insulin action, and subsequent downstream insulin signaling, is one of the most studied aspects of aging due
to its integral hormonal functions regulating substrate utilization (e.g. glucose) and storage (e.g. fatty acids), both
becoming aberrant with age in humans®”3%. Studies in laboratory beagles and companion dogs have previously
reported increases in fasting insulin and insulin resistance with age****. Our data show that geriatric laboratory
beagles exhibit higher fasting insulin concentrations than middle aged beagles, recapitulating previous findings
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Fig. 2. Red blood cells, hematocrit and hemoglobin levels are reduced in Aged and Geriatric beagles while
platelet count is greater in Geriatric laboratory beagles. Hematology test results from Young, Aged, and
Geriatric beagles. (A) Red blood cell count, (B) hematocrit, and (C) hemoglobin and (D) platelet count

in Young beagles (n=30) compared to Aged (n=17) and Geriatric (n=11) beagles. All values reported as
mean = SEM. P-values measured via pairwise comparisons of One-Way ANOVA with age group as main effect.
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Fig. 3. Total lymphocytes and lymphocyte subpopulations are reduced in Aged and Geriatric laboratory
beagles. Cell counts in Young, Aged, and Geriatric beagles measured by flow cytometry. (A) Lymphocytes,
(B) CD3+, (C) CD3-CD21+, (D) CD3+CD4 + and (E) CD3 + CD8 + counts and (F) CD4/CD8 ratio in Young
beagles (n=30) compared to Aged (n=17) and Geriatric (n=11) beagles. All values reported as mean + SEM.
P-values measured via pairwise comparisons of One-Way ANOVA with age group as main effect.

from other investigations. These elevated insulin concentrations with advanced age, albeit within the clinically
normal range, may be indicative of deleterious metabolic changes impacting both healthspan and lifespan in
dogs. Lifetime dietary restriction in labrador retrievers revealed that the preservation of insulin sensitivity and
reduced insulin burden were associated with the delay of chronic disease and longer lifespan*’. More research is

needed to determine the impact of increased fasting insulin on deleterious health outcomes in dogs.

Adiponectin is another hormone that has been robustly investigated in the context of aging due to its
association with age-related diseases and lifespan®. Our data demonstrate that adiponectin is significantly
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Fig. 4. Insulin concentrations are higher in Geriatric laboratory beagles while adiponectin is lower in Aged
and Geriatric beagles. (A) Fasting insulin and (B) adiponectin concentrations in Young beagles (1 =40)
compared to Aged (n=21) and Geriatric (n=13) beagles. All values reported as mean + SEM. P-values
measured via pairwise comparisons of One-Way ANOVA with age group as main effect.

reduced in both aged and geriatric beagles, which has several physiological implications. One is the ability
of adiponectin to promote insulin sensitivity and substrate utilization through AMP-activated protein kinase
(AMPK) and peroxisome proliferator-activated receptor alpha (PPARa) in metabolic tissues. This reduction in
circulating adiponectin may be contributing to the elevations in fasting insulin and reported insulin resistance
observed in aged dogs®**!. Additionally, adiponectin has been reported to have profound anti-inflammatory
effects through its ability to inhibit nuclear factor-kappa B (NF-«B) and thus reduce downstream tumor necrosis
factor alpha (TNF-a) and interleukin 6 (IL-6) production - all of which are generally associated with diseases of
chronic inflammation??. Reduced adiponectin concentrations may contribute to the deterioration of immune
function with age, however more research is needed to establish this relationship in dogs.

Our data demonstrate that dogs exhibit age-related changes in blood parameters and immune cell populations
that are remarkably similar to those observed in humans. Specifically, we found that both lymphocyte and
RBC counts decline with age in dogs, with corresponding decreases in hematocrit and hemoglobin levels in
laboratory beagles. Notably, while human platelet counts tend to decline with age, we observed an increase in
platelet counts in aging dogs. Moreover, our examination of lymphocyte subpopulations revealed that T-cells,
B-cells, CD4 + T-cells and CD8 + T-cells all decline with age in dogs, accompanied by a lower CD4 to CD8 ratio
in geriatric dogs, mirroring trends seen in elderly humans. Changes in these immune cell populations are also
accompanied by alterations in insulin and adiponectin concentrations, which may be linked to deteriorated
immune and metabolic function with age. These findings support that dogs, with their conserved age-related
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changes in blood and immune system parameters, represent a suitable model for studying human aging and
age-related disease.

Study limitations

While CBC was measured in the large cohort of companion dogs, we were unable to explore any changes in
certain lymphocyte populations via flow cytometry. Additionally, the number of beagles in the cohort was
relatively small. Due to the observational nature of this study, there was no opportunity to further examine
mechanisms or tissue specific immune populations. An attempt was made to quantify pro-inflammatory
cytokine concentrations using a commercially available assay, however the assay failed internal quality control
tests and proved unreliable. There were insufficient samples for repeating the analysis or utilizing another assay.
Similarly, insufficient sample volume prevented lipid quantification in the Laboratory Beagle Study.

Data availability
The data that support the findings of this study are available on request from the corresponding author. The data
are not publicly available due to data privacy or ethical restrictions.
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