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Abstract 

Certain classes of antibiotics, including tetracyclines and macrolides, are known to exert immune suppressive effects 
in other species but the immune modulatory effects of these antibiotics have not been previously studied in cattle. 
To address this question, we investigated the effects of oxytetracycline, gamithromycin, and tulathromycin on T cell 
and macrophage responses to activation, using in vitro assays. In addition, we assessed the impact of these antibi-
otics on T cell responses in vivo following treatment of healthy cattle with currently recommended doses of each 
of the three antibiotics. We found that all 3 antibiotics markedly suppressed T cell proliferation in vitro at relevant 
therapeutic drug concentrations and significantly suppressed macrophage activation responses to LPS. In cattle 
treated with a single dose of each antibiotic, we observed significant suppression of T cell proliferation and cytokine 
production beginning as early as 6 h after administration, with increasing immune suppression observed at 48 h. 
Taken together, these results indicate that commonly used antibiotics in cattle exert significant immune modulatory 
activity, in addition to their antimicrobial activity. These off-target effects should be considered when using antibiotics 
for prophylaxis or metaphylaxis in high-risk dairy or beef cattle (192 words).
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Introduction
Stresses imposed on cattle by weaning, shipping and 
co-mingling of cattle greatly increases their susceptibil-
ity to bovine respiratory disease complex (BRDC) (Kre-
hbiel [13]). Accordingly, cattle are frequently treated 
with antibiotics in these settings (antimicrobial meta-
phylaxis) to reduce clinical manifestations of infection 

(Ives and Richeson [11]). While the potential impact of 
antibiotic therapy on antimicrobial drug-resistance is 
well known in the dairy and beef cattle industries, much 
less is known about the potential off-target effects of 
antibiotic administration on immune responses in cat-
tle. Studies in other species (rodents, humans, porcine) 
indicate that some commonly used antibiotics (e.g., 
macrolides and tetracyclines) are capable of suppress-
ing adaptive and innate immune responses, including 
immune responses to vaccines (Tauber and Nau [32]) 
(Goscinski et al. [8]) (Wyns et al. [20]) (Parnham [21]). 
In rodent models, antibiotics can suppress inflamma-
tion and innate immune defenses, including defenses 
against viral and bacterial infections (Zhang et  al. [5]) 
(Feola et  al. [7]). In  vitro studies have demonstrated 
similar phenomena with antibiotics and modulation of 
human immune responses (Lin et  al. [15]) (Ratzinger 
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et  al. [28]). For example, macrolide antibiotics such 
as azithromycin can drive macrophage polarization 
towards an anti-inflammatory state (Zhang et  al. [5]). 
Additionally, in  vitro treatment with azithromycin has 
been shown to reduce the expression of the activa-
tion markers CD80 and CD86 on dendritic cells (DCs) 
(Lin et  al. [15]) and to suppress CD4 T cell activation 
(Ratzinger et  al. [28]). Importantly, recent studies in 
swine demonstrated that antibiotics administered at 
the time of vaccination significantly suppressed vaccine 
responses and reduced vaccine titers (Pomorska-Mol 
et  al. [25]) (Pomorska-Mol et  al. [26]) (Pomorska-Mol 
et al. [27]).

Thus, there is strong evidence to suggest that anti-
biotics may exert similar off-target, immune modula-
tory effects in cattle (Watts et al. [35]) (Coppin et al. [4]) 
(Martinez-Cortes et al. [16]). Accordingly, in the present 
study we investigated, using both in  vitro and in  vivo 
studies, the immune modulatory properties of 3 com-
monly used antibiotics (oxytetracycline, tulathromycin 
and gamithromycin) in cattle. We found that all 3 of these 
drugs significantly suppressed T cell and macrophage 
functions in  vitro. Moreover, in  vivo we found that a 
single injection of each of these antibiotics in healthy 
adult cattle rapidly and significantly suppressed T cell 
and innate immune responses for at least 48  h. Collec-
tively, these findings indicate that administration of cer-
tain commonly used antibiotics to cattle as metaphylaxis 
may paradoxically increase susceptibility to infection and 
interfere with vaccine immunity and suggest further rea-
son for caution with antibiotic use in such settings.

Materials and methods
Biochemical reagents and antibiotics
Three different antibiotics were selected for evaluation 
in this study based on their widespread use in the cat-
tle industry, including oxytetracycline (Millipore-Sigma, 
St. Louis, MO) (trade name: Bio-Mycin), tulathromycin 
(Millipore-Sigma, St. Louis, MO) (trade name: Draxxin) 
and gamithromycin (Millipore-Sigma, St. Louis, MO) 
(trade name: Zactran). The concentrations of stock anti-
biotic solutions were prepared as follows: Oxytetracy-
cline stocks were prepared in DMSO at 3  mg/ml and 
diluted in cell growth medium to either 1, 0.1–0.01  µg/
ml immediatlely prior to use. Tulathromycin was pre-
pared as 0.5  mg/ml stock solution in 50% EtOH: PBS 
and diluted similarly to desirable assay concentrations 
in complete cellular growth medium immediately before 
use. Tulathromycin is not stable in pure aqueous solu-
tion. Gamithromycin stocks were prepared in DMSO at 
5 mg/ml. And diluted in cell growth medium similar to 
the other antibiotics.

Cell culture medium
Peripheral blood mononuclear cells (PBMC) were pre-
pared from EDTA anti-coagulated blood. obtained 
from healthy cattle, by Ficoll density gradient purifica-
tion, as described previously (Wheat et  al. [37]). Blood 
for in  vitro assays was obtained from adult (1–3 years) 
female Holstein cattle. Briefly, for separation of PBMC, 
blood was diluted 1:2 with sterile PBS followed by lay-
ering over a Ficoll-Paque  PLUS® (GE Healthcare, Chi-
cago, IL) gradient and centrifuged. All studies involving 
blood collection from healthy animals were approved 
by the Institutional Animal Care and Use Committee at 
Colorado State University. After separation, PBMC were 
counted and placed in complete medium, which con-
sisted of DMEM (ThermoFisher Scientific, Watham, MA) 
containing 15% fetal bovine serum (FBS) (Avanti, Ala-
baster, AL) with L-glutamine, essential and non-essen-
tial amino acids and penicillin and streptomycin (Gibco 
and ThermoFisher Scientific, Pittsburgh, PA). Pen/Strep 
was omitted or removed from cultures being tested for 
antibiotic-mediated immune modulation by washing 
the cells 3X in PBS 24 h prior to treatment with the test 
antibiotics.

Flow cytometry
For analysis of immune cell modulation by antibiot-
ics, either PBMC or monocyte-derived macrophages 
(MDM) were harvested and resuspended in flow cytom-
etry buffer (PBS, 5%FBS and 0.01% sodium azide) and 
immunostained using directly conjugated antibodies for 
analysis by flow cytometry. The following antibodies were 
used to measure immune activation of bovine PBMC or 
MDM: the bovine cross-reactive rat anti-human CD3-
Pacific Blue (PB) (clone CD3-12); mouse anti-bovine 
CD25(IL-2Ra)-RPE and mouse-anti-bovine MHC class 
II-FITC (Bio-Rad, Hercules, CA). Bovine PBMC were 
gated on live cells based on propidium iodide (PI) exclu-
sion and typically displayed very low forward vs. side 
scatter. Single cells were gated on linear events displayed 
on dot plots of forward scatter-area vs. height. Live MDM 
were gated on live cells based on PI exclusion. After 
immunostaining, cells were resuspended in flow cytom-
etry buffer (PBS containing, 2% BSA and 2mM sodium 
azide) and data acquired using a Beckman-Coulter Gal-
lios multicolor flow cytometer. Flow cytometry data were 
analyzed using FlowJo software (FlowJo, Ashland, OR).

Impact of antibiotic treatment on T cell proliferation
For assessment of the impact of antibiotics on T cell 
proliferation, antibiotics were each tested at 3 different 
concentrations (1.0  µg/ml, 0.1  µg/ml and 0.01  µg/ml), 
which were selected to reflect the representative range 
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of serum antibiotic concentrations achievable with cur-
rent animal dosing recommendations. The PBMC were 
resuspended in complete DMEM tissue culture medium 
containing 15% FBS. T cell proliferative responses were 
assessed using Click-iT technology (ThermoFisher, 
Waltham, MA). Briefly, bovine PBMCs were separated by 
Ficoll plaque solution (GE Healthcare, Chicago, IL) and 
plated at a density of 4 ×  106 cells per well in a 24 well cell 
culture plate (Corning) and then incubated for 3 h with 
antibiotics at the indicated concentrations followed by 
the addition of Concanavalin A (Con A) (Sigma-Aldrich, 
St. Louis, MO) at 5  µg/ml. EdU (5-ethynyl-2’-deoxyur-
idine) was added to a concentration of 0.01 mM at 24 h. 
At 48 and 72 h post-treatment, PBMCs were washed and 
fixed with 4% paraformaldehyde in PBS (ThermoFisher, 
Waltham, MA) then permeabilized with 0.1% saponin-
based permeabilization buffer and wash reagent (BD 
Biosciences, San Jose, CA). Click chemistry-based detec-
tion was then performed by adding 1mM CuSO4, 50 mM 
ascorbic acid according to manufacture’s protocol using 
the Click-iT™ Plus Alexa Fluor Picolyl Azide Toolkit 
(ThermoFisher). Cells were evaluated for Edu incorpora-
tion in a  CD3+ cell gate using a Beckman Coulter Gallios 
flow cytometer (Brea, CA) and data were analyzed using 
FlowJo Software (Ashland, OR).

Measurement of macrophage functional responses
PBMC were obtained from healthy cattle as described 
above and plated in triplicate wells per test in 24-well 
plates at a concentration of 3 ×  106 cells/ml for 4  h at 
37ºC to allow for monocyte adherence to plastic. Non-
adherent cells were then gently removed by decant-
ing and washing wells with warm PBS, and complete 
DMEM + 15%FBS containing 30 ng/ml of cross-reactive 
recombinant human macrophage colony stimulating fac-
tor (hM-CSF) (PeproTech, Rocky Hill, NJ) was added 
to the plastic-adherent monocytes in the culture wells. 
Every 3 days, 50% of the medium was removed and 
fresh medium containing hM-CSF was added. After 
a total of 7 days in culture, adherent cells were washed 
again (3X) with antibiotic-free medium and the result-
ing MDM were treated with appropriate concentrations 
of antibiotics for 3 h prior to adding LPS (300 ng/ml) to 
activate the cells. Cells were allowed to activate for 36 h. 
Supernatants were subsequently harvested for determi-
nation of cytokine secretion by ELISA and nitric oxide 
(NO) release. Cells were also stained for surface MHCII 
expression or intracellularly for total cellular reactive 
oxygen species (ROS) (see below). MDM were harvested 
from the wells by washing the adherent cells 3X with pre-
warmed PBS followed by addition of 100  µl of ice-cold 
PBS containing 5 mM EDTA. Plates were then trans-
ferred on ice for 15–20  min and MDM were detached 

from the plate with moderate repeated agitation using a 
P200  Pipetman® (Gilson, Middleton, WI). Detached cells 
were transferred to a 96-well plate for immunostaining 
and flow cytometric analysis.

Reactive oxygen and nitrogen assays for assessment 
of macrophage bactericidal function and antibiotic effects
Quantification of LPS-induced ROS production in  vitro 
was performed by loading MDM with a chemically 
reduced fluorescein  (H2DCFDA, Invitrogen, Carls-
bad, CA) according to manufacturer’s protocol. Briefly, 
MDM were cultured/maintained in 24-well plates and 
treated with antibiotics for 12–18  h prior to loading 
with  H2DCFDA. Freshly prepared 100 µM  H2DCFDA 
in complete DMEM was added to the cells and allowed 
to load for 15  min followed by LPS treatment (500 ng/
ml) for 30 min to stimulate ROS production. Cells were 
immediately washed and resuspended with FACS buffer 
(above) and analyzed by flow cytometric analysis. To 
assess ROS production, oxidized fluorescein production 
was assessed by flow cytometry, as the mean fluorescence 
intensity (MFI) of events in the FL1 fluorescein channel. 
The Griess reagent assay system (Promega, Madison, WI) 
was used to measure nitric oxide (NO) release by MDM 
by assessing formation of nitrate  (NO2

-) in culture super-
natants, according to manufacturer’s protocol.

Cytokine assays for assessment of T cell and monocyte 
functional responses
Conditioned medium was collected from all immune 
stimulated and antibiotic treated PBMC or MDM and 
cytokine concentrations (INF-g, TNF-a and IL-6) were 
determined using commercially available ELISA kits (R 
& D Systems, Minneapolis, MN) according to manufac-
turer’s recommendation.

In vivo assessment of antibiotic‑induced immune 
modulation in cattle
Studies in healthy 4–6-month-old weaned Angus and 
Angus cross cattle were conducted at the Hunter Cattle 
Company, Wheatland WY. These studies were approved 
by the Veterinary Research and Consulting Services 
(VRCS) Institutional Animal Care and Use Committee. 
Cattle were randomly separated into 4 groups of n = 5 
animals per group. Animals in the following groups were 
treated once with single subcutaneous. injections of the 
indicated test material: PBS injection (control, Group 1), 
2.5  mg/kg dose of tulathromycin (Draxxin Zoetis, Par-
sippany-Troy Hills, NJ)(2.5  mg/kg); (Group 2), 6  mg/kg 
gamithromycin (Zactran, Boehringer Ingelheim, Duluth 
GA) (Group 3), 20  mg/kg oxytetracycline (Bio-Mycin, 
Boehringer Ingelheim) (Group 4).
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Blood for PBMC analysis was collected by jugular 
venipuncture from all study animals immediately prior 
to injection and again at 5  h and 48  h after injection. 
PBMC were prepared from blood samples as described 
above and were either untreated or treated with 5  µg/
ml of ConA to stimulate T cell proliferation and activa-
tion for 72  h. Following in  vitro activation, PBMC were 
immunostained for CD3, CD25, and MHCII expression, 
and quantified by flow cytometry, as noted above. Super-
natants from the PBMC cultures were also analyzed for 
secretion of cytokines (IFN-g, TNF-a, IL-6) by ELISA, as 
described above.

Data analysis
Statistical analysis
Statistical tests were performed as indicated in the figure 
legends. Calculations were performed using GraphPad 
Prism version 9.0 for MacOS (San Diego, CA). Unless 
specifically indicated One- or Two-Way ANOVA with 
Tukey’s multiple comparisons test were used throughout 
this study.

Results
In vitro antibiotic treatment suppresses T cell proliferation
In vitro treatment of PBMC with each of the 3 antibiot-
ics tested each significantly suppressed T cell prolifera-
tive responses, and all 3 doses evaluated were found to 
be suppressive (Fig.  1, panels A, B & C). Notably, the 
most potent suppression was observed following treat-
ment with gamithromycin and tulathromycin, both of 
which showed greater than 80% suppression of T cell 
proliferation compared to untreated PBMC. Gamith-
romycin treatment significantly (p < 0.05) abrogated 
ConA-stimulated  CD3+ T cell proliferation at all con-
centrations of the antibiotic evaluated (Fig.  1, panel A). 
However, only the highest concentration of oxytetracy-
cline (1.0 µg/ml) evaluated significantly reduced  CD3+ T 
cell proliferative responses (Fig. 1, panel B). Tulathromy-
cin treatment resulted in significant reduction in CD3 T 
cell proliferative responses in the two highest antibiotic 
concentrations evaluated (Fig. 1, panel C). After 72 h, T 
cell proliferative responses were significantly reduced 
with both 1.0  µg/ml and 0.1  µg/ml tulathromycin con-
centrations (data not shown). To determine whether 
antibiotic-mediated abrogation of  CD3+ T cell prolifera-
tive responses was associated with differences in expres-
sion of a key T cell activation receptor (high-affinity IL-2 
receptor a chain-CD25), flow cytometry was used to 
assess the impact of treatment on T cell expression of 
CD25. Only treatment of PBMC with 1.0 µg/ml tulathro-
mycin significantly reduced expression of CD25 on  CD3+ 
T cells after 48  h (Fig.  1, panel F) and at all concentra-
tions (1.0, 0.1 & 0.01  µg/ml) after 72  h of culture (data 

not shown). Neither gamithromycin nor oxytetracycline 
treatment significantly reduced CD25 expression on 
CD3 + cells (Fig. 1, panels D & E).

Antibiotic treatment suppresses secretion of IFN‑g, TNF‑a 
and IL‑6 following T cell activation in vitro
Supernatants were harvested from PBMC that were 
activated with ConA and treated with antibiotics, as 
described above and analyzed for INF-g, TNF-a and IL-6 
release by cytokine ELISA. Each of the 3 antibiotics eval-
uated resulted in a significant, dose-dependent reduction 
in IFN-g secretion. Gamithromycin and oxytetracy-
cline treatment each significantly suppressed secretion 
of INF-g from ConA stimulated PBMC at all antibiotic 
concentrations examined after 48  h (Fig.  2, panels A & 
B). Treatment with tulathromycin, reduced IFN-g only 
at the 2 highest concentrations (Fig. 2, panel C). Gamith-
romycin treatment at all concentrations inhibited TNF-a 
release in 48  h cultures when compared to cells treated 
with ConA alone (Fig. 2, panel D). Treatment with oxy-
tetracycline significantly abrogated TNF-a release in 48 h 
cultures (Fig.  2. panel E). Similarly, treatment of PBMC 
with tulathromycin also significantly reduced TNF-a 
release (Fig. 2, panel F). Treatment with the two highest 
dosages of each antibiotic also significantly suppressed 
IL-6 production (Fig.  2, panel G, H, I). Thus, cytokine 
secretion was also broadly suppressed by antibiotic treat-
ment, in concordance with the reduction in T cell prolif-
eration noted above.

Suppression of nitric oxide (NO) production by antibiotic 
treatment
Production of NO by macrophages and neutrophils con-
stitutes a key antimicrobial defense mechanism and, as 
such, the potential impact of antibiotics on this pathway 
is highly relevant to host bacterial defenses (Wink et al. 
[38]). Therefore, NO production was examined in super-
natants from activated T cell cultures, with or without 
antibiotic treatment. Treatment with gamithromycin and 
tulathromycin significantly reduced NO production at all 
three antibiotic concentrations tested (Fig. 3, Panels A & 
C). Significant reductions in NO release were observed 
for oxytetracycline at the highest antibiotic concentra-
tions tested (0.1 and 1.0 µg/ml) (Fig. 3, Panel, B).

Antibiotic suppression of macrophage MHCII expression
Expression of the MHCII molecule plays a critical role 
in the ability of macrophages to present antigens to 
 CD4+ T cells. Therefore, we examined the impact of 
antibiotic exposure on MHCII expression as an indirect 
measure of how antibiotics might affect the generation 
of antibody responses. To address the question, MDM 
cultures were generated from 5 healthy animals, as 
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described in Methods. On day 7, MDM were cultured 
with gamithromycin, oxtetracycline or tulathromy-
cin for 24  h, and then activated with LPS to stimulate 
upregulation of MHCII expression for 24 h. The MDM 
were subsequently detached and MHCII expression 
was quantitated by flow cytometry, as described in 
Methods (Fig.  4, Panels A, B, C & D). We observed 

that all three concentrations of each of the 3 antibiot-
ics each significantly suppressed LPS-mediated upreg-
ulation of MHCII expression, reducing the expression 
to levels expressed by untreated MDM. Therefore, 
one might expect that this antibiotic-induced block to 
MHCII expression could negatively impact generation 
of T cell and antibody responses to vaccines and viral 
and bacterial infections.

Fig. 1 Treatment of blood leukocytes with gamithromycin, oxytetracycline and tulathromycin suppresses T cell proliferation and reduces 
expression of CD25 in vitro. In vitro treatment of PBMC from healthy cattle with clinically relevant concentrations (indicated on the x-axis) 
of gamithromycin (A & D), oxytetracycline (B & E), or tulathromycin (C & F) resulted in decreased  CD3+ T cell proliferative responses (A, B and C) 
and expression of CD25 (D, E and F) to mitogenic stimulation with ConA. PBMC cultures were plated in triplicate wells of 24-well plates and were 
either untreated or treated for 3 h in the absence or presence of the indicated antibiotics followed by treatment with 5 µg/ml ConA and cultured 
an additional 48 h. After treatment with ConA, EdU was added to each well and cells were analyzed by flow cytometry as described in Methods. 
The y-axis represents the fold change of cells incorporating EdU or gMFI of cell surface expression of CD25 relative to those treated with ConA 
in the absence of antibiotics. Negative controls are untreated cells. Each open circle symbol in the bar graphs represent the average of triplicate 
cultures from each of 5 animals. Significant differences were obtained using an ordinary one-way ANOVA with p values of **, ≤ 0.01 and *, ≤ 0.05
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Antibiotic treatment suppresses macrophage production 
of TNF‑a and IL‑6
To determine whether antibiotic treatment altered mac-
rophage secretion of two important innate immunity 
mediators, TNF-a and IL-6, supernatants from LPS-acti-
vated MDM cultures were measured to assess the antibi-
otic impact on another aspect of macrophage activation. 
At the highest concentrations (1  µg/ml) evaluated, all 3 
antibiotics significantly suppressed LPS-induced secretion 
of TNF-a, while tulathromycin was also active at the two 
lower concentrations tested (Fig. 5, Panel A). All 3 antibiot-
ics significantly suppressed IL-6 secretion from MDM, at 

all 3 concentrations evaluated (Fig. 5, Panel B). Thus, these 
findings provide further evidence that antibiotics exerted 
substantial in  vitro inhibition of key macrophage inflam-
matory cytokines required to activate macrophages and 
neutrophils for bactericidal activity.

Impact of antibiotics on macrophage production 
of reactive oxygen species (ROS) and nitric oxide (NO) 
in vitro
As noted previously, both NO and ROS play key roles in 
intracellular and extracellular killing of bacteria by mac-
rophages, monocytes, and neutrophils. Therefore, we 

Fig. 2 Treatment of Con A stimulated bovine PBMC with either gamithromycin, oxytetracycline or tulathromycin, reduced secretion of IFN-g, TNF-a 
and IL-6. Supernatants from cultures obtained in Fig. 1 were further analyzed by ELISA for secretion of IFN-g (A, B & C), TNF-a (D, E & F) and IL-6 (G, H 
& I). Significant differences were obtained using an ordinary one-way ANOVA with p values of ****, ≤ 0.001; ***, ≤ 0.005, **, ≤ 0.01 and *, ≤ 0.05
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next evaluated the impact of the 3 antibiotics on LPS-
stimulated ROS and NO production by macrophages, 
using the MDM cells as described above. All 3 concen-
trations evaluated of gamithromycin and tulathromycin 
resulted in significant reduction of ROS production by 
MDM, while only the two highest concentrations of oxy-
tetracycline were significantly ROS suppressive (Fig.  6, 
Panel A). All 3 antibiotics potently and significantly 
inhibited NO production by macrophages, at all 3 con-
centrations evaluated (Fig.  6, Panel B). Thus, these data 
indicate that at reasonably achievable concentrations in 
live animals, all 3 antibiotics were capable of potent sup-
pression of critical microbial killing pathways.

Single antibiotic treatment of cattle significantly 
suppresses T cell and overall leukocyte immune responses
To validate the in  vitro findings described above and to 
determine the degree to which antibiotic treatment was 
capable of also suppressing immune responses in  vivo, 
healthy 6–8 month old cattle (n = 5 per group) were 
treated with a single dose of 3 antibiotics, at standard rec-
ommended doses, and immune responses were assessed 
using blood leukocytes collected at 5  h and 48  h after 
treatment described in Methods. Four groups of n = 5 ani-
mals each were treated once with a single IM injection of 
tulathromycin, gamithromycin, oxytetracycline or saline 
(control group). At the indicated time points, PBMC were 
isolated from blood samples and then stimulated with 
ConA to induce T cell activation. The impact of antibi-
otic treatment on T cell proliferation was determined by 

incorporation of the nucleic acid precursor EdU, while 
cytokine secretion was measured by ELISA in the cell cul-
ture supernatants, as described in Methods.

We observed that T cells from each of the three anti-
biotic treated groups of animals exhibited a significant 
reduction in T cell proliferative responses to ConA acti-
vation, whereas the responses were not affected in the 
saline treated animals. For example, at 48 h post-antibi-
otic injection, proliferative responses in the tulathromy-
cin treated group (Fig. 7, panel A (red line]) were reduced 
by nearly 50% compared to untreated animals. In cattle 
treated with gamithromycin and oxytetracycline (Fig.  7, 
panel A (green and purple lines respectively)), T cell 
proliferative responses were reduced on average by over 
65% and 90%, respectively. The reduction in T cell pro-
liferation was statistically significant only for the oxytet-
racycline treated groups, but clear statistical trends were 
apparent for both the tulathromycin and gamithromycin 
treated groups, particularly considering the relatively 
small numbers of animals in each group. In addition, 
when compared to untreated animals, PBMC from cattle 
injected with each of the three different antibiotics dem-
onstrated reduced up-regulation of MHCII expression 
(data not shown) and CD25 expression (Fig. 7, panel B) 
following T cell activation.

Antibiotic treatment in vivo suppresses cytokine 
production by activated PBMC cultures
Supernatants from ConA-activated PBMC samples 
from Fig. 7 were also evaluated for secretion of IFN-g, 

Fig. 3 Treatment of bovine PBMC with gamithromycin, oxytetracycline or tulathromycin, significantly reduced release of nitric oxide. Supernatants 
from cultures obtained in Fig. 1 were analyzed for nitric oxide (NO) production. Supernatants were analyzed for production of  NO2

- release using 
the Griess Reagent assay. Treatment of bovine PBMC with ConA either alone or pretreated with 3 concentrations of either gamithromycin (A), 
oxytetracycline (B or tulathromycin (C) is shown. The figure is representative of 3 separate experiments. Significant differences were obtained using 
an ordinary one-way ANOVA with p values of ****, ≤ 0.001; ***, ≤ 0.005, **, ≤ 0.01 and *, ≤ 0.05
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Fig. 4 Treatment of MDM with gamithromycin oxytetracycline or tulathromycin suppresses LPS-mediated upregulation of MHCII. Cultures 
of MDC were generated from 5 healthy animals as noted in Methods, and were pre-treated with gamithromycin, oxytetracycline or tulathromycin 
at the indicated concentrations, for 3 h prior to activation with LPS. Control or antibiotic-treated MDM were incubated for 36 h with 300 ng/
ml LPS followed by cell harvesting and immunostaining with FITC-conjugated mouse anti-bovine MHCII antibody. Comparative differences 
in MHCII expression were determined by flow cytometry. Raw flow cytometric data showing histograms representing levels of the geometric 
mean fluorescent intensity (gMFI) of antibody bound to cells indicating the expression of MHCII are shown to compared expression levels 
of MHCII in MDM treated with either nothing, LPS, or LPS-stimulated cells pre-treated with the indicated concentrations of gamithromycin (A), 
oxytetracycline (B) or tulathromycin (C). A summary of comparisons of groups consisting of 5 animals each were made based on differential flow 
cytometric quantitative FITC gMFI observed on MDM from each animal (D). The figure is representative of 3 independent experiments. Differences 
between experimental samples and those treated with LPS alone were determine using an ordinary one-way ANOVA with: *, P ≤ 0.05; **, P ≤ 0.01 
and ****, P ≤ 0.001
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TNF-a and IL-6 by specific ELISA. When compared to 
untreated animals, activated PBMC from tulathromy-
cin-treated animals exhibited significantly suppressed 
secretion of TNF-a and IL-6 at 48 h, whereas secretion 
of IFN-g was unaffected (Fig. 8, compare panel A with 
B & C (compare blue to red lines). In gamithromycin 
treated animals, INF-g, TNF-a and IL-6 secretion were 

all significantly suppressed 48 h post treatment (Fig. 8, 
panel A, B & C (compare blue to green lines)). Similarly, 
secretion of all 3 cytokines was significantly suppressed 
at the 48  h post-treatment time point in oxytetracy-
cline-treated animals (Fig.  8, panel A, B &C (compare 
blue to purple lines)). Taken together, these findings 
provide strong evidence that the immune suppressive 

Fig. 5 Treatment of MDM with gamithromycin, oxytetracycline or tulathromycin suppresses LPS-mediated upregulation of TNF-a and IL-6. MDM 
cultures were treated with gamithromycin, oxytetracycline or tulathromycin for 3 h prior to activation with LPS. Control or antibiotic-pre-treated 
MDM were incubated for 36 h with 300 ng/ml LPS followed by harvesting culture supernatants and analysis for bovine TNF-a (A) and IL-6 (B) 
by ELISA. Levels of cytokines were compared in MDM treated with either nothing, LPS or LPS in cells pre-treated with the indicated concentrations 
of either gamithromycin, oxytetracycline or tulathromycin. Comparisons for cytokine release for each animal and differences between control 
and experimental samples vs. LPS-treated cells were determine using an ordinary one-way ANOVA with: *, P ≤ 0.05; **, P ≤ 0.005, ***, P ≤ 0.0005 
and ****, P ≤ 0.0001
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effects of antibiotics observed in  vitro were also reca-
pitulated in vivo, at least with respect to T cell activa-
tion and cytokine suppression.

Discussion
Antibiotics have been shown previously to potentially 
interfere with host immunity due to off-target effects 
on mammalian cellular processes, especially those 

antibiotics that interfere with protein synthesis, including 
tetracyclines, macrolides, and aminoglycoside antibiotics 
(Miller and Singer [19]). However, this is the first study to 
our knowledge where the direct impact of tetracyclines 
and macrolides on immune responses has been examined 
in detail in cattle. Our findings indicate that indeed tet-
racycline and macrolide antibiotics are broadly immune 
suppressive in cattle, both in  vitro and in  vivo. The 

Fig. 6 Treatment of MDM with gamithromycin, oxytetracyclin, tulathromycin suppresses LPS-mediated upregulation of ROS and NO. Cultures 
of MDM were treated with gamithromycin, oxytetracycline or tulathromycin for 3 h prior to activation with LPS. Control or antibiotic-treated 
MDM were incubated for 36 h with 300 ng/ml LPS followed by cell harvesting and flow cytometric analyses for ROS production and release 
of NO in culture supernatants. Comparisons for NO and ROS release were made for each animal and differences between experimental samples 
and LPS-treated cells were determine using an ordinary one-way ANOVA with: *, P ≤ 0.05; **, P ≤ 0.005, ***,P ≤ 0.0005 and ****, P ≤ 0.0001
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immune processes that were inhibited were quite broad 
and included T cell proliferation and cytokine produc-
tion, expression of co-stimulatory molecules by both T 
cells and macrophages, macrophage cytokine production 

and production of key antimicrobial pathways (NO and 
ROS). The immune suppressive effects occurred rapidly 
(within 5  h of injection for in  vivo studies) and at con-
centrations readily achievable by currently recommended 

Fig. 7 Treatment of beef cattle with tulathromycin  (Draxxin®), gamithromycin  (Zactran®), or oxytetracycline (Bio-Mycin®) significantly reduced 
T cell proliferative responses and expression of CD25.Healthy young cattle (n = 5 per group) were randomly assigned to 4 treatment groups: 
Saline (control); tulathromycin, gamithromycin, and oxytetracycline, at doses noted in Methods. Cattle were bled prior to antibiotic treatment 
(pretreatment) and subsequently bled 5 h and 48 h after injection. Cultures of PBMC were isolated from blood samples and activated with ConA 
and T cell proliferation assessed by EdU incorporation (A). CD25 expression was determined by flow cytometry. (B). Significance of differences 
in fold change in proliferative responses of T cell events and expression of CD25 in PBMC we determined by a one-way ANOVA analysis of the areas 
under curve (AUC) of the timeline with *, P ≤ 0.05 and ** ≤ 0.01
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dosing protocols. Importantly, the antibiotic-induced 
immune suppression was observed in healthy animals 
with normal immunity. In an animal with pre-existing 
immune suppression (e.g., after weaning or following 
shipping long distances), the overall impact of immune 
suppression exerted by these two classes of antibiotics 
would likely be even more pronounced since there would 
potentially be a reduction in T cell number (Murata et al. 
[20]), as well as a decrease in cytokine production in 
response to antigens (Murata et al. [20]) (Blecha et al. [3]) 
(Dixit et al. [5]).

In vitro studies revealed that all 3 antibiotics signifi-
cantly suppressed T cell proliferation, as well as induc-
ing downregulation of CD25 expression by T cells and 
MHCII expression by macrophages, indicative of broadly 
active and potent immune cell suppressive mechanisms. 
Secretion of IFN-g, TNF-a, and IL-6 were also signifi-
cantly suppressed by antibiotic treatment of activated 
PBMC. Key antimicrobial effector pathways involving 
NO and ROS production were also suppressed in mac-
rophages. These findings suggest that suppression of 
NO and ROS production by antibiotics could exert an 
important, negative impact on host immunity to bacterial 
infections, given the key role played by these processes. 
These findings therefore speak to the breadth of immune 
suppression generated by single dose antibiotic exposure.

The immune suppressive effects of tetracyclines and 
macrolides observed in cattle likely represent off-target 
effects on host immune cells, involving pathways related 
to protein synthesis inhibition via interference with 30 S 
and 50 S ribosomal subunit function, as mammalian cell 
functional disruption is a common feature associated 
with tetracyclines, macrolides, aminoglycosides, and oxa-
zolidinones (McCoy et  al. [17]) (Barrenechea et  al. [2]) 
(Sutcliffe [31]) (Keating et al. [12]). Other pathways may 
also be interrupted by antibiotics, in addition to immune 
function. For example, we and others have reported 
recently that aminoglycoside antibiotics are potently 
cytotoxic to normal joint tissues and cells in both horses 
and dogs (Egerbacher et  al. [6]) (Pezzanite et  al. [23]) 
(Pezzanite et al. [22]) (Pezzanite et al., [24]).

Studies in other species have illustrated impacts on 
multiple immune pathways exerted by tetracyclines and 
macrolides. For example, tetracyclines suppress pro-
tein synthesis in mammalian cells (Kroon et  al., [14]) 

(Riesbeck et  al. [29]) (van den Bogert and Kroon [33]) 
(van den Bogert et al. [34]) (McKee et al. [18]). Addition-
ally, tetracyclines (including oxytetracycline, doxycycline, 
minocycline) have been shown to suppress human lym-
phocyte proliferation in  vitro (Hauser and Remington 
[9]). Tetracyclines also inhibit phagocyte chemotaxis and 
granuloma formation (Webster et  al. [36]) while inhib-
iting production of IL-1b and TNF-a by human mac-
rophages (Shapira et  al. [30]), and inhibition of murine 
macrophage NO and IFN-g responses in  vitro (Amin 
et al. [1]). Recent work has demonstrated that antibiotic 
treatment can also inhibit immune function by inhibit-
ing the respiratory burst activity (Yang et al. [3]). Finally, 
macrolide antibiotics have additionally been shown to 
directly inhibit production of NO, TNF-a, IL-1b and IL-6 
in mouse macrophages (Ianaro et  al., [10]). Thus, our 
results in cattle agree with prior work describing a wide 
range of targets for immune suppression by tetracyclines 
and macrolide antibiotics.

For example, weanling animals, animals shipped long 
distances, and animals in feedlots all experience signifi-
cant stress-related immune suppression and are much 
more susceptible to development of BRDC. In these ani-
mals, an antibiotic that interferes with host immunity, 
either adaptive or innate immunity, has the potential to 
further impair host immunity to the viral and bacterial 
pathogens associated with BRDC (Hauser and Reming-
ton [9]). Even though these immune suppressive effects 
may not be apparent at the level of the individual ani-
mal, the net effect on large herds becomes more difficult 
to ignore. In some cases, it may be preferable to either 
use different, non-immune suppressive antibiotics, or to 
avoid administration altogether.

The administration of antibiotics at the time of vac-
cination is another important consideration since 
impairment of critical antigen presenting pathways 
such as the MHCII pathway have the potential to sig-
nificantly reduce vaccine immunity (Pomorska-Mol 
et  al. [25]). Since antibiotics and routine vaccines may 
be often administered together, it may be judicious to 
either separate administration of each by 1–2 weeks, or 
to consider use of different classes of antibiotics (e.g., 
beta-lactams) that have not been previously associated 
with significant immune suppression and interfence 
with vaccine immunity. Further studies are needed to 

(See figure on next page.)
Fig. 8 Impact of antibiotic treatment on cytokine production by activated PBMC from in vivo treated animals. Blood was collected from animals 
before antibiotic injections and after injections at 5 h and 48 h post treatment, as noted above (Fig. 7) and in Methods. Supernatants from activated 
T cell cultures from study animals in Groups 1–4 were collected and the concentrations of IFN-g, TNF-a, and IL-6 measured by ELISA. INF-g secretion 
is shown in panel A. TNF-a secretion is shown in panel B and IL-6 secretion is shown in panel C. Statistical comparisons of differences in cytokine 
release was analyzed by a 2-way ANOVA with multiple comparisons with *, P ≤ 0.05, **, P ≤ 0.01, ***, P ≤ 0.005 and ****, P ≤ 0.001
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Fig. 8 (See legend on previous page.)
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determine how long the antibiotic immune suppression 
lasts and to what benefit delaying antibiotic treatment 
may have on clinically sick animals. Additionally, future 
research geared toward development of agents stimu-
lating innate immunity may be beneficial to stressed 
animals as well.

In summary, these studies demonstrate broad 
immune suppression by 3 commonly used antibiotics 
in cattle, affecting both innate and adaptive immune 
responses. Immune suppression was found to occur 
rapidly following antibiotic administration in  vivo and 
persisted at least several days. These off-target immune 
suppressive effects of tetracyclines and macrolides in 
cattle warrant additional study in larger groups of ani-
mals, and especially in conditions in the field where 
co-morbidities such as stress from weaning and co-
mingling may further suppress host immune responses.
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