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(USDA-ARS), Lubbock, TX, United States, *Elanco Animal Health, Greenfield, IN, United States

To evaluate the acute physiological and immunological responses to Mannheimia
haemolytica vaccines, weaned heifers (n = 32; body weight [BW] = 296 + 6.4 kg)
were used in a completely randomized design. Heifers were balanced by BW and
randomly assigned to one of three vaccine treatments: Nuplura PH (Elanco,
Greenfield, IN; NP), OneShot (Zoetis, Parsippany, NJ; OS), or Presponse SQ
(Boehringer Ingelheim, St. Joseph, MO; PS). Serial blood samples were collected
for 7 d following vaccine administration to quantify multiple serum biomarkers and
complete blood cell counts. Heifers were fitted with indwelling vaginal
temperature recording devices for the duration of the study. No differences
were noted in most CBC variables (P > 0.27) except for PS heifers having greater
lymphocytes (P = 0.02) and eosinophils (P < 0.01) than NP and OS heifers. Cortisol
remained at or below basal concentrations for the duration of the study (P = 0.23).
Glucose concentrations were greater for NP than OS, with PS being intermediate
(P = 0.05). There was a tendency (P = 0.08) for a treatment X time interaction for
circulating haptoglobin concentrations as NP heifers had a spike of greater
magnitude but decreased duration. Likewise, a tendency (P = 0.07) was detected
for decreased ceruloplasmin concentrations in PS heifers. The concentration of
interleukin-6 (IL-6) was lesser in OS heifers than PS and NP heifers (P = 0.02), but
PS heifers had decreased IL-4 concentrations (P < 0.01). No differences were
observed in circulating interferon-gamma concentrations among treatments (P =
0.20). Overall, each vaccine treatment elicited similar physiological and
inflammatory immune responses despite differences in vaccine composition.
Although select immunological markers differed relative to vaccine treatment, it
is unlikely these differences resulted in biologically relevant differences.

Mannheimia haemolytica, vaccine, metabolism, immune response, endotoxin,
beef cattle
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1 Introduction

Mannheimia haemolytica (Mh) is an etiologic agent of bacterial
pneumonic mannheimiosis, and one of the predominant bacteria
responsible for the bovine respiratory disease (BRD) complex
(Rice et al., 2007; Azhar et al., 2021). A Gram-negative bacterium,
Mh is commensal in the nasopharynx region of cattle (Frank et al.,
1989); however, this bacteria can become pathogenic, most
frequently causing clinical disease during periods of stress
post weaning (e.g., when cattle arrive at the feedlot; Mosier et al,
1989). While many Gram-negative vaccines exist in livestock
production to protect against Mh, there is concern for adverse
reactions (Ellis and Yong, 1997). Endotoxins are a major
component of the Gram-negative bacteria cell wall (Woltmann
et al,, 1998). During bacterial cell death, induced immune
activity, or inflammatory reactions, endotoxins are released
(Rosenfeld and Shai, 2006; Chung et al., 2019), with beef cattle
being particularly sensitive to endotoxin (Carroll et al., 2009; Smock
et al., 2023).

The possible detrimental effects and adverse reactions
associated with Mh vaccines has been questioned for nearly
90 years (Farley, 1932; Wilkie et al, 1980; Rice et al., 2007).
The administration of multiple Gram-negative vaccines
during a single processing event may lead to adverse
physiological reactions because of endotoxin stacking. This
problem could be exacerbated if one or more of these vaccines
are mishandled, resulting in an increase in free endotoxin (Richeson
et al., 2019).

Endotoxin exposure in cattle results in a conserved
immunological and physiological response commonly referred to
as the acute phase response. This acute phase response is partially
propagated and mediated by the production and release of
cytokines, resulting in the release of acute-phase proteins by
hepatocytes (Baumann and Gauldie, 1994; Gulati et al.,, 2016).
This reaction often causes behavioral changes accompanied by
fever and an increase in circulating leukocytes.

Endotoxins from different Gram-negative bacteria have
differing antigenicity, and this phenomenon even extends to
different serovars of bacteria within the same species (van der
Woude and Baumler, 2004). Currently, legal limits for the
quantity of free endotoxins in vaccines has not been established
despite free endotoxin being undesirable. Although concentrations
are generally low in vaccines, mishandling can increase the killing
or lysis of the modified live and inactivated bacteria, thereby
increasing endotoxin release and antigenicity of the vaccine
(Richeson et al., 2019). We hypothesize that Mh vaccine
formulation will differentially influence the metabolic and
inflammatory responses following vaccine administration in
feedlot cattle. Therefore, the objective of this study was to
determine differences in the physiological responses of cattle
given differing M. haemolytica vaccines.
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2 Materials and methods
2.1 Experimental design

All experimental procedures complied with the Guide for the
Care and Use of Agricultural Animals in Research and Teaching and
were approved by the Institutional Animal Care and Use
Committee (protocol #1809F) of the Livestock Issues Research
Unit. The study was conducted in November 2018.

Forty heifers (296 + 6.4 kg) obtained from a commercial feedlot in
the Texas panhandle were used in a completely randomized design.
Heifers were transported approximately 128 km to the Livestock Issues
Research Unit Bovine Immunology Research and Development facility
near Lubbock, TX on d -7. At arrival, heifers were individually weighed
(30008 Paul Scale; W.W. Livestock Systems, Duncan, OK; readability +
0.45 kg; scale calibrated with 300 kg of certified weights before use) and
allotted into covered outdoor dirt holding pens (7.6 x 18.3 m; n = 10
heifers/pen) where they remained from d -7 to d -1 with ad libitum
access to fresh feed and water. Heifers were fed a commercially
available complete-feed starter diet comprised primarily of wet corn
gluten feed (RAMP; Cargill, Minnetonka, MN) from d -7 to 7. Each
morning before feeding, health scores were assigned to each heifer
based on an adaptation of the system developed by McGuirk and Peek
(2014). Briefly, heifers were visually observed for clinical signs of
illness, including cough, nasal discharge, ocular discharge, and posture,
using a 0 to 3 scoring system (Appendix A). The personnel performing
health observations throughout the duration of the study were blinded
to vaccine treatment.

On d -1 before feeding, heifers were weighed individually. Study
candidates (n = 32) selected for enrollment displayed acceptable
temperament by visual appraisal, were free of disease or injury, and
possessed a uniform BW. From d -1 to 7, no heifers selected for study
enrollment were removed. Indwelling jugular vein catheters (Tygon
ND 100-80 micro-bore tubing; U.S. Plastics, Lima, OH, USA; Carroll
et al, 2009) and vaginal thermometers that recorded temperature in
5-min intervals from d -1 to d 7 (study end) were placed into the
heifers selected for enrollment. Vaginal temperature thermometers
were custom-made and inserted as described by Burdick et al., 2012,
where a temperature logger (DST-micro-T; Star Oddi, Iceland) was
secured in a blank CIDR device prior to insertion. Heifers were
subsequently moved into individual stanchions (2.28 m x 0.76 m x
1.67 m). On d 0, heifers were randomly assigned to receive 1 of 3
vaccine treatments (10 to 11 heifers/treatment) at 0 h on d 0: Nuplura
PH (NP; 2 mL subcutaneous [SQ]; Elanco, Greenfield, IN), OneShot
(OS; 2 mL SQ; Zoetis, Parsippany, NJ), or Presponse SQ (PS; 2 mL
SQ; Boehringer Ingelheim, St. Joseph, MO). Vaccine treatments were
administered SQ in the neck of the heifer in accordance with product
label and Beef Quality Assurance guidelines. Following the final blood
collection at 168 h (d 7), heifers were removed from their individual
stanchions, final BW was collected, and the jugular catheter and

vaginal thermometer were removed.
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2.2 Vaccine endotoxin analysis

Three bottles of each vaccine from the same manufacturing lot
as the vaccine administered in this study were submitted to a
commercial laboratory (Associates of Cape Cod Inc.; East
Falmouth, MA) for analysis of endotoxin concentration
determination with an endotoxin-specific gel-clot assay. Briefly,
100 pL of vaccine was mixed with 100 pL of limulus amebocyte
lysate reconstituted with a buffer formulated to render the reagent
insensitive to (1-3)-B-D-glucan interference. Tubes were then
shaken vigorously for 30 sec before incubation at 37°C for 60
min. Endotoxin concentrations were determined via visual
evaluation of a series of vaccine dilutions and a positive test was
indicated by gel formation that did not collapse when the tube was
inverted. The final amount of endotoxin in each vaccine was then
calculated by multiplying the sensitivity of the limulus amebocyte
lysate regent (0.03 endotoxin units [EU]/mL) by the dilution factor
at the endpoint and expressed as EU/mL of the vaccine.

2.3 Sample collection and analysis

The diet was provided ab libitum from d -1 to 7, targeting
approximately 10% daily orts. Feed disappearance was monitored
daily, and if disappearance was 100% from the previous day,
delivery was increased up to 0.45 kg/heifer daily. While housed in
stanchions, water intake was measured via individual paddle-type
waterers (Suevia Cup; QC Supply Inc., Schuyler, NE) that were
connected to a custom-built water intake monitoring system.

Blood samples were collected serially via a jugular vein catheter
and extension set at differing intervals between d -1 to 7. After blood
collection, the catheter and extension set were flushed with 10 mL of
saline to replenish fluid loss, followed by a 2.5 mL injection of
heparinized saline (10 USP/mL heparin) to maintain catheter
patency. Ten mL of blood was collected into vacuum tubes
containing no additive (#368045, Becton Dickinson, Franklin
Lakes, NJ) at -2, -1, and 0 h before vaccination on d 0. Serum
tubes were allowed to clot at room temperature for at least 30 min
before centrifugation at 1,300 x g for 20 min at 4°C. Serum
supernatant was then divided into triplicate aliquots into
microcentrifuge tubes (Cat. No. 05-408-129; Fisherbrand,
Pittsburgh, PA) for storage at -80°C until assay analysis.
Additionally, 4 mL of whole blood was collected into vacuum
tubes (potassium EDTA, #366643, Becton Dickinson) at -2 and 0
h on d 0 to determine baseline hematological profiles.

After the vaccines were administered at 0 h, serum and
hematological blood samples were collected at 2, 4, 6, 8, 12, 18,
24, 36, 48, 60, 72, 120, and 168 h relative to vaccination.
Hematological blood counts were analyzed using a ProCyte DX
Hematology Analyzer (Idexx Laboratories, Inc., Westbrook, ME)
using bovine-specific algorithms. Isolated serum was used to
quantify the following: cytokines (pg/mL), haptoglobin (mg/mL),
ceruloplasmin (mU/mL), cortisol (ng/mL), and glucose (mg/dL).
Serum cytokine concentrations were determined using a bovine-
specific custom multiplex chemiluminescence ELISA kit specific for
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bovine interleukin-4 (IL-4), interleukin-6 (IL-6), and interferon-
gamma (IFN-y; Quanterix, Lexington, MA; intra-assay CV = 5.9%;
inter-assay CV = 9.0%). Commercially available kits were used for
analysis of serum haptoglobin (Immunology Consultants
Laboratories, Inc., Cat # E-10HPT; intra-assay CV = 8.6%; inter-
assay CV = 9.1%), ceruloplasmin (Arbor Assays, Ann Arbor, MI,
Cat #K035-H1; intra-assay CV = 3.3%; inter-assay CV = 13.3%),
and cortisol (Arbor Assays, Cat # K003-HS5; intra-assay CV = 6.7%;
inter-assay CV = 12.4%) concentrations. Serum glucose
concentrations were determined via modification of the
enzymatic Autokit Glucose (Fujifilm Wako, Richmond, VA, USA,
Cat # 997-03001; intra-assay CV = 6.6%; inter-assay CV = 13.7%) to
fit a 96-well format. Briefly, 300 pL of prepared working solution
was added to 2 pL of serum or prepared standards in a 96-well plate.
Plates were incubated at 37°C for 5 min and absorption was
recorded at 505 nm. All assay plates absorbances were read using
a BioTek Powerwave 340 (BioTek Instruments, Winooski, VT,
USA). All serum analyses were compared to standard curves for
each respective sample.

2.4 Statistical analysis

Heifer was used as the experimental unit in the completely
randomized design. To determine which vaccine treatment heifers
were administered, a random number generator (Microsoft Excel)
was used. Before statistical analysis, vaginal temperature collected at
5-min intervals was averaged into 1-h intervals. The MIXED
procedure of SAS 9.4 (SAS Institute, Cary, NC) specific for
repeated measures was used for all statistical analysis. The model
included fixed effects of treatment, time, and the interaction of
treatment x time. Heifer within treatment was the subject of the
repeated measures, and the autoregressive(1) covariance structure
was used. Mean separation was accomplished via LSMEANS with
the Tukey option. Significance was declared at P < 0.05 and
tendencies were discussed at 0.05 < P < 0.10.

3 Results
3.1 Endotoxin concentration

The PS vaccine contained nearly 8-times more endotoxin
(42,000 EU/mL) than OS (6,300 EU/mL), and OS contained >2-
times more endotoxin than NP (2,700 EU/mL). These values are
descriptive by design without the intent to replicate.

3.2 Body weight and health

There was an increase in BW from d -7 to d -1 during the
acclimation phase (P < 0.01; Table 1) when heifers were group
housed. Conversely, from d -1 to d 7 following vaccination, heifers
lost 3.7 kg on average (P = 0.05), with no difference in BW between
treatments (P = 0.88). Feed disappearance did not differ between
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TABLE 1 Influence of 3 commercial Mannheimia haemolytica vaccines
on heifer body weight, feed disappearance, and water intake.

Treatment!
NP OS PS SEM Trt Time

fﬁ:gg:eligght 115 023 <001 0.88

d-7to-1 684 | 1068 1070

d-1to7 449 | -396  -2.72
Feed
disappearance, 0.842  0.11 <0.01 0.52
kg/d

do’® 543 | 649 | 650

di1 1L11 | 1294 | 1294

d2 1060 | 1339 | 13.13

ds3 1065 1247 | 1221

d4 1051 | 1254 | 1254

ds 1017 | 1198 | 11.60

de 9.75 1005  9.51
el 2741 029 0.48 0.82
L/d

do 1740 | 22.57 | 2348

di1 2134 | 2228 2430

d2 1563 | 23.69 @ 22.08

ds3 2124 | 2595  27.10

d4 2051 | 2150  20.06

ds 1743 | 2242 | 1897

de 17.88 | 17.73 | 17.68

"Nuplura PH (NP; 2 mL subcutaneous [SQJ; Elanco, Greenfield, IN); OneShot (OS; 2 mL SQ;
Zoetis, Parsippany, NJ); Presponse SQ (PS; 2 mL SQ; Boehringer Ingelheim, St. Joseph, MO).
2 Trt = treatment effect; Time = time effect; Trt x Time = treatment x time interaction.

*d 0 does not reflect a full 24 h as heifers were placed in individual stanchions at 0800 h.

treatments (P = 0.11) from d 0 to 6; however, feed consumption
decreased regardless of treatment (P < 0.01) from d 2 to 6. No
treatment X time interaction was detected for water intake (P = 0.82).

There were no differences among treatments in health score
with mean scores < 2 (P = 0.20; data not presented). No treatment x
time interaction (P = 0.41) nor differences among treatment were
observed for vaginal temperature (P = 0.68; Figure 1); however,
vaginal temperature increased among treatments by 168 h relative
to treatment administration (P < 0.01).

3.3 Hematology

There was no difference in red blood cells (P = 0.77), hemoglobin
(P = 0.63), nor platelets (P = 0.64) among treatments (Table 2).
However, there was a treatment x time interaction for hematocrit %
as PS was less (P < 0.01) than OS at 168 h. Similarly, no differences
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among treatments were observed in total white blood cell (P = 0.54)
nor neutrophil count (P = 0.34). Lymphocyte count was greater in PS
heifers than NP and OS heifers (P = 0.02). Lymphocyte baseline
concentrations were greater in PS heifers (P = 0.02); therefore, the
change in lymphocytes relative to baseline (-2 and 0 h) was evaluated.
No differences in the change in lymphocyte count was detected (P =
0.16). Likewise, no differences among treatments were noted in
neutrophil:lymphocyte ratio for the duration of the study (P =
0.44). However, there was a tendency for a treatment x time
interaction in which an increase in neutrophillymphocyte ratio in
OS heifers occurred from 4 to 8 h (P = 0.08). Circulating monocytes
did not differ among treatments (P = 0.27), whereas basophils were
greater in PS heifers than OS heifers (P = 0.02) with NP heifers not
differing from either. Baseline basophil concentrations were greater in
PS heifers (P < 0.01), with no difference in basophil change over time
(P = 0.22). Eosinophil concentrations were greater in PS and NP
heifers than OS heifers (P < 0.01), with no difference in baseline
circulating concentrations (P = 0.12).

3.4 Cytokines

No treatment x time interactions were observed for cytokines
(P = 0.96). Circulating IL-4 concentration was lesser for PS heifers
than for OS and NP heifers (P < 0.01; Figure 2A; NP: 12.52 pg/mL;
0S: 10.08 pg/mL; PS: 4.76 pg/mL). All treatments displayed a spike
in circulating IL-4 concentrations beginning at 48 h; however, the
spike in PS heifers was of lesser magnitude than OS and NP heifers.
For all heifers, IL-4 concentrations returned to baseline by 168 h.
There was a difference in circulating IL-6 concentrations among
treatments (P = 0.02; Figure 2B; NP: 129.86 pg/mL; OS: 94.16 pg/
mL; PS: 117.63 pg/mL). Heifers given NP and PS had greater IL-6
concentrations than heifers given OS (P < 0.01), but concentrations
did not differ from PS heifers (P = 0.56). Like IL-4, there was a spike
in IL-6 concentrations at 48 h post-vaccination. No differences were
observed in circulating IFN-y concentrations among treatments
(P =0.20; Figure 2C; NP: 6.41 pg/mL; OS: 4.95 pg/mL; PS: 5.31 pg/
mL). Circulating IFN-7y spiked in all treatments from 48 to 72 h, like
the other cytokine responses, and returned to near baseline
concentrations by 120 h (P < 0.01).

3.5 Acute phase proteins

There were no differences among treatments for circulating
haptoglobin concentrations (P = 0.14; Figure 3A; NP: 11.8 mg/mL;
OS: 10.4 mg/mL; PS: 6.7 mg/mL); however, there was a tendency for
a treatment x time interaction (P = 0.08). Haptoglobin remained
near baseline for the first 8 h following vaccination but began to
increase at 12-h post-vaccination. Between 48 to 72 h post-
vaccination, NP heifers had greater haptoglobin concentrations
than PS and OS heifers (P < 0.01), although haptoglobin
concentrations began to decline at 120 and 168 h in the NP
heifers. In contrast, circulating haptoglobin concentrations in PS
and OS heifers displayed a gradual increase at 24 h that continued
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FIGURE 1

Influence of 3 commercial Mannheimia haemolytica vaccines on beef heifer vaginal temperature. Vaccine treatments included: Nuplura PH (NP; 2
mL subcutaneous [SQJ; Elanco, Greenfield, IN), OneShot (OS; 2 mL SQ; Zoetis, Parsippany, NJ), or Presponse SQ (PS; 2 mL SQ; Boehringer
Ingelheim, St. Joseph, MO). Heifers were sorted into treatments and fitted with vaginal thermometers on d -1, with vaginal temperatures being

recorded from -17 to 168 h relative to vaccine administration.

TABLE 2 Influence of 3 commercial Mannheimia haemolytica vaccines on the complete blood counts (CBC) from d 0 to 7 in beef heifers.
Treatment®
Hematological variable® NP (O Trt X Time
RBC count, M/uL 7.78 7.92 7.99 0.215 0.77 <0.01 0.28
Hemoglobin, g/dL 10.65 10.73 10.54 0.145 0.63 <0.01 0.90
Hematocrit, % 31.74 32.03 32.09 0.815 0.94 <0.01 0.02
Platelets, K/uL 366.7 391.0 418.5 38.16 0.64 <0.01 0.56
WBC count, K/pL 13.48 12.93 14.56 1.063 0.54 <0.01 0.12
Neutrophils, K/uL 5.70 4.84 517 0.441 0.34 <0.01 0.19
Lymphocytes, K/uL 554 5.80° 6.85" 0313 0.02 0.05 0.85
Neutrophil: Lymphocyte ratio 0.916 0.902 0.829 0.051 0.44 <0.01 0.08
Monocytes, K/uL 1.54 1.74 1.60 0.089 0.27 <0.01 0.99
Eosinophils, K/uL 0.265° 0.100* 0.398° 0.0573 <0.01 <0.01 0.73
Basophils, K/uL 0.006™ 0.005° 0.008* 0.0008 0.02 0.81 0.33

*b Means bearing different superscripts in same row have differing treatment effect P < 0.05.

! Nuplura PH (NP; 2 mL subcutaneous [SQ]; Elanco, Greenfield, IN); OneShot (OS; 2 mL SQ; Zoetis, Parsippany, NJ); Presponse SQ (PS; 2 mL SQ; Boehringer Ingelheim, St. Joseph, MO).

2 Trt = treatment effect; Time = time effect; Trt x Time = treatment x time interaction.

3Values are least squares means. For each heifer, a CBC sample was collected at -2, 0, 2, 4, 6, 8, 12, 18, 24, 36, 48, 60, 72, 120, and 168 h relative to vaccine treatment administration.

for the duration of the study. Circulating ceruloplasmin
concentrations tended to be elevated in NP heifers compared with
those given PS (P = 0.07; Figure 3B; NP: 28526 mU/mL; OS: 27171
mU/mL; PS: 23902 mU/mL); however, a treatment x time
interaction was not observed (P = 0.57). This response was
primarily driven by a decrease in circulating ceruloplasmin from
24 to 48 h post-vaccination for heifers given PS.
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3.6 Serum metabolites

No differences among treatments were observed in circulating
cortisol concentrations throughout the study, with overall cortisol
concentrations remaining at or near baseline values (P = 0.23;
Figure 4A; NP: 18.7 ng/mL; OS: 23.0 ng/mL; PS: 18.6 ng/mL). No
treatment X time interaction was observed for glucose concentrations
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FIGURE 2

Influence of 3 commercial Mannheimia haemolytica vaccines on serum interleukin-4 [IL-4; (A)], interleukin-6 [IL-6; (B)], and interferon-gamma [IFN-
v; (C)] from d O to 7. Vaccine treatments included: Nuplura PH (NP; 2 mL subcutaneous [SQ]; Elanco, Greenfield, IN), OneShot (OS; 2 mL SQ; Zoetis,
Parsippany, NJ), or Presponse SQ (PS; 2 mL SQ; Boehringer Ingelheim, St. Joseph, MO). Vaccine treatments were administered at h 0.

(P=0.16). Glucose concentrations were greater for NP heifers than OS
heifers with PS heifers being intermediate (P = 0.05; Figure 4B; NP:
77.2 mg/mL; OS: 72.6 mg/mL; PS: 74.7 mg/mL).
4 Discussion
4.1 Endotoxin concentration

Three types of Mh vaccines were evaluated in the current study.

The NP vaccine is a recombinant leukotoxin vaccine containing

Frontiers in Animal Science

extracted outer membrane proteins, such as 45-kDa outer-membrane
protein lipoprotein, and the adjuvant dimethyldioctadecyl
ammonium bromide. A whole-cell, bacterin-toxoid vaccine, OS
contains a combination of cultured supernatants and killed Mh
type Al. Bacteria-free, PS is a toxoid vaccine containing
leukotoxin-rich cultured supernatant from the log phase growth of
Mh (Srinand et al,, 1996). Both PS and OS vaccines contain
proprietary adjuvant formulations that are not publicly available.
Vaccine formulation can influence the concentration of vaccine-
derived endotoxins like lipopolysaccharide, lipoproteins, and
peptidoglycans, each of which are membrane components of the
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FIGURE 3

Influence of 3 commercial Mannheimia haemolytica vaccines on serum haptoglobin (A) and ceruloplasmin (B) concentrations from d 0 to 7. Vaccine
treatments included: Nuplura PH (NP; 2 mL subcutaneous [SQ]; Elanco, Greenfield, IN), OneShot (OS; 2 mL SQ; Zoetis, Parsippany, NJ), or
Presponse SQ (PS; 2 mL SQ; Boehringer Ingelheim, St. Joseph, MO). Vaccine treatments were administered at h 0. If a treatment x time tendency

was observed, the pairwise differences were sliced by day and indicated by *

Gram-negative bacterial cell wall (Woltmann et al., 1998). The effects
of lipopolysaccharide are primarily mediated by the lipid A
component of the endotoxin, damaging bovine endothelial cells
(Paulsen et al., 1989) while inducing proinflammatory cytokine
gene expression (Lafleur et al., 1998). Although poorly understood,
endotoxin stacking in cattle at feedlot arrival is common. Endotoxin
from multiple bacterial sources can cause a greater physiological and
immunological response with the potential for mortality (Alexander
and Rietschel, 2001). Therefore, a better understanding of
endotoxicity risks when designing vaccination protocols is warranted.

4.2 Performance and health

The aim of Mh vaccines is to stimulate an efficacious immune
response that increases host defense mechanisms while decreasing
the severity or incidence of pneumonia (Confer and Ayalew, 2018).
Vaccine-induced immune stimulation has been reported to decrease
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feed intake (Stokka et al., 1994; Allen, 2000; Rodrigues et al., 2015).
From d 2 to 6 in the current study, a 6.4% decrease in feed
disappearance was observed among treatments. This decrease in
feed disappearance, coupled with the transition to individual
housing in a novel environment, likely contributed to the decrease
in BW from d -1 to 7. Changes in BW were not observed from d -1 or
7 among treatments; however, the short duration of the study limits
long-term interpretation of the effects of vaccine administration on
BW change, and, therefore, should be interpreted with caution. Still,
previous studies of similar length have reported no difference in BW
when cattle received a Mh vaccine (Arthington et al., 2013; Rodrigues
et al,, 2015), further suggesting that Mh vaccines have a minimal
direct effect on short-term BW changes.

From d -1 to 3, water consumption increased 32% among
treatments; however, from d 3 to 6, water intake decreased 28%
from the quantity consumed on d 3. This decrease in water intake
could be attributable to the increase of pro-inflammatory cytokines.
Cattle exhibiting BRD have been reported to increase water intake
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FIGURE 4

Influence of 3 commercial Mannheimia haemolytica vaccines on serum cortisol (A) and glucose (B) concentrations from d 0 to 7. Vaccine
treatments included: Nuplura PH (NP; 2 mL subcutaneous [SQ]; Elanco, Greenfield, IN), OneShot (OS; 2 mL SQ; Zoetis, Parsippany, NJ), or
Presponse SQ (PS; 2 mL SQ; Boehringer Ingelheim, St. Joseph, MO). Vaccine treatments were administered at h 0.

relative to healthy cattle (Buhman et al., 2000; Word et al., 2020).
Postpartum dairy cows receiving 1.5 or 3 pg/kg of recombinant bovine
tumor necrosis factor-alpha had a 10% to 17% decrease in water intake,
respectively, when compared with control cows (Yuan et al., 2013) as ill
cattle are less inclined to seek out water (Hart, 1987). Current NASEM
(2016) recommendations suggest a growing heifer weighing 273 kg
should consume 29.5 L/d when the ambient temperature is 21.1°C.
Heifers in the current study consumed an average of 20.7 L/d from d -1
to 6, although hematocrit evaluation does not indicate heifers were
dehydrated. Housing heifers in a temperature-controlled facility under
thermoneutral conditions likely influenced water intake behaviors
(Banerjee and Ashutosh, 2011).

Little intensive data has been collected regarding the
physiological responses to Mh vaccines in cattle; however, Tesfaw
et al. (2014) reported slight to no change in body temperature in
sheep when evaluating multiple Mh serotype vaccinations.
Following Mh vaccination in the present experiment, vaginal
temperature slightly increased for 24 h. Transient increases in
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rectal temperature lasting less than 48 h following Mh vaccine
administration have previously been reported in beef calves (Confer
et al., 2009a; Engelken et al., 2016).

A rectal temperature of 40°C is considered the threshold for
BRD diagnosis (Perino and Apley, 1999; Duff and Galyean, 2007),
with vaginal and rectal temperature being positively correlated
(Abell et al, 2015). Nonetheless, no heifers in the current study
had a vaginal temperature that exceeded the proposed BRD
diagnosis threshold. Over the 7-d experimental period, diurnal
fluctuations in vaginal temperatures among treatments gradually
increased, peaking at approximately 39.5°C. The greater numerical
increase in PS heifer vaginal temperature from d 3 to 5 could be
associated with greater proportions of pro-inflammatory cytokines
relative to anti-inflammatory cytokine and acute phase protein
concentrations when compared with NS or OS heifers. Endotoxin
concentrations were greatest in the PS vaccine and could have
contributed to the phenomenon known as vaccine sweats
(Hagenmaier et al., 2018), which is linked to the increased
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production of pro-inflammatory cytokines (Johnson, 1997).
Although IL-6 is involved in increasing body temperature after
pathogen exposure (Bluthe et al, 2000; Harden et al., 2006), the
relationship between IL-6 concentrations and vaginal temperature
was not analyzed in current study.

4.3 Hematology

Red blood cell, hemoglobin, and platelet counts did not differ
among vaccines used in the current study and were within clinical
reference ranges (Hanzlicek et al., 2010). Although the role of these
variables during an inflammatory cascade is not fully understood,
previous research has reported decreased red blood cells, decreased
hemoglobin, and increased platelet concentrations in calves
diagnosed with BRD (Hanedan et al., 2015; Cuevas-Gomez et al,,
2020). Platelet concentrations increase in calves with BRD because
of the release of platelet activating factor from neutrophils
(Whiteley et al., 1992). Although neutrophil and white blood
cell counts did not differ among treatments in the current
study, neutrophil concentrations increased following vaccine
administration, returning to baseline by 36 h, on average, before
continuing to decrease through 120 h. Similar responses have been
observed in calves challenged with Mh (Sharon et al., 2019; Burdick
Sanchez et al., 2022). These observations are understandable, as
neutrophils release cytokines and chemokines that aid in acute
phase protein production (Malech et al., 2014). Despite increased
lymphocyte concentrations in PS heifers than NP and OS heifers
throughout the study, there was no difference in lymphocyte change
among treatments. Like the current study, previous Mh challenge
models have not reported a change in lymphocyte concentrations
following Mh inoculation (Hanzlicek et al., 2010; Word et al., 20205
Cuevas-Gomez et al., 2020), although Burdick Sanchez et al. (2022)
noted that sex can alter the lymphocyte response to a Mh challenge.
There was a tendency for a treatment X time interaction in
neutrophil:lymphocyte ratio primarily caused by a neutrophil:
lymphocyte ratio spike greater than 1 in OS heifers from 4 to 8 h
and NS heifers from 12 to 36 h. A neutrophil:lymphocyte ratio
greater than 1 is generally indicative of greater tissue inflammation
and has been observed in calves diagnosed with BRD (Cuevas-
Gomez et al., 2020; Smock et al., 2023).

When challenged with endotoxin, cattle have been documented
to experience leukopenia, lymphopenia, and neutropenia (Burdick
Sanchez et al., 2020; Smock et al., 2023). This is because endotoxin
stimulates circulating immune cells to translocate from circulation
into tissue, thereby increasing neutrophil apoptosis while
decreasing lymphocyte proliferation in favor of macrophage
responses (Smock et al.,, 2023). These observations contrast with
the current study for two reasons. First, endotoxin challenges
commonly rely on intravenous infusions or intratracheal
inoculations of endotoxin whereas vaccines are administered
intramuscularly or SQ. Secondly, vaccines like those evaluated in
the current study contain lesser amounts of endotoxin relative to
the LPS doses administered in challenge models (Richeson et al.,
2019). Therefore, results of the current study more accurately reflect
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immunomodulation, not immunosuppression observed in
endotoxin challenges. Ergo, interpretation of the current results
with those from endotoxin challenges should be interpreted
with caution.

At 168 h post-vaccination, PS heifers had a decreased
hematocrit percentage when compared with NP or OS heifers.
Although this led to a treatment x time interaction, all hematocrit
values were within the clinical reference range for the duration of
the study (Hanzlicek et al., 2010). Increased monocyte
concentrations represent activation of the adaptive immune
system as activated monocytes (i.e., macrophages) are responsible
for activating effector functions of lymphocytes (Burdick Sanchez
et al,, 2022). Although monocyte concentrations were not affected
by treatment in the current study, monocyte concentrations were
greater for 72 h following vaccine administration relative to baseline
values. Corrigan et al. (2007) reported a similar elevation for 72 h
following a Mh challenge. Basophils are effector cells involved in the
innate immune response (Vochringer, 2017). Even though basophil
concentrations were less in NP heifers, no clear patterns of change
were observed following treatment administration. Basophil
responses to a Mh challenge have yielded variable results
(Corrigan et al., 2007; Burciaga-Robles et al., 2010; Carlos-Valdez
et al,, 2016), with multivariate analyses suggesting that basophil
concentrations do not aid in the prediction of BRD in calves
(Richeson et al., 2013). In the current study, basophil
concentrations were within clinical references ranges (Hanzlicek
et al,, 2010). Conversely, low eosinophil concentrations have been
implicated in the identification of calves at high risk for developing
BRD (Richeson et al., 2013). Baseline eosinophil concentrations in
OS heifers were less than NP and PS heifers. This could partially
explain the attenuated lymphocyte response and elevated
neutrophil:lymphocyte ratio observed shortly after vaccine
administration. Eosinophil concentrations in heifers are likely
correlated to similar responses in lymphocyte concentrations
(Kita, 2011; Leach et al., 2013), which were observed for both OS
and PS heifers. Still, eosinophil concentrations were within clinical
reference ranges and greater than the minimal threshold established
for BRD risk (Richeson et al.,, 2013). Overall, the lack of differences
in white blood cell counts among treatments suggests the
inflammatory response to each vaccine did not differ.

4.4 Cytokines

Cytokines are protein-based, intracellular messengers produced
by immune and endothelial cells (Gulati et al., 2016). Classified as
either pro-inflammatory (IL-6 and IFN-y) or anti-inflammatory
(IL-4), cytokines maintain tissue homeostasis (Zhang and An,
2007). In the current study, cytokine concentrations spiked at 48
h post-vaccination and remained elevated through 72 h before
returning to baseline values by 168 h. This observation supports
previous findings demonstrating a Mh challenge or vaccination
elicits an increased inflammatory response (Burciaga-Robles et al.,
2010; Word et al., 2020; Burdick Sanchez et al., 2022). Greater IL-6
concentrations from 36 to 72 h likely explains the increase in
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haptoglobin concentrations around the same timeframe, as IL-6 is a
haptoglobin stimuli (Quaye, 2008). In cattle, IFN-y and IL-4 work
antagonistically, with IFN-y eliciting a type 1 cytokine response
while IL-4 initiates a type 2 response (Brown et al., 1996; Jungi et al.,
1997). A type 1 response promotes macrophage activation and
inflammation, whereas the type 2 response promotes antibody
production and alternative immunological macrophage activation
via pro-inflammatory cytokine downregulation (Adams and
Hamilton, 1984; Bogdan and Nathan, 1993). This antagonism
explains the similar cytokine responses observed for IFN-y and
IL-4. While there was a lack of treatment x time interactions
observed for cytokines, it is important to note that each treatment
not only stimulated an immune response but activated cytokine
production within a similar timeframe. Even though the NP
treatment contained the least amount of endotoxin, NP heifers
had the greatest cytokine response to vaccination. Although not
analyzed in the current study, this observation could be attributable
to a greater leukotoxin potency within the NP vaccine than the PS
or OS vaccines. Another possible explanation is the adjuvant
formulation in the differing vaccines. Endotoxin concentrations,
adjuvants, and antigen interference could also explain the
differences in inflammatory responses among vaccines; however,
further research is warranted to better understand the effects of Mh
vaccine composition on cytokine production.

4.5 Acute phase proteins

Haptoglobin is an acute phase protein that decreases iron
availability to bacteria via hemoglobin sequestration (Huzzey
et al., 2009), thereby decreasing the potential for infection.
Previous research has reported haptoglobin concentrations peak
at approximately d 1 to 3 following a Mh challenge (Wottlin et al,
2021; Burdick Sanchez et al., 2022) or Mh vaccination (Arthington
et al, 2013; Rodrigues et al, 2015). In the current study, no
differences in overall response were observed in NP heifers, in
which haptoglobin concentrations peaked at 60 h post-vaccination
followed by a decline at 120 and 168 h. Conversely, haptoglobin
concentrations in PS and OS heifers displayed a gradual increase at
24 h that continued through 168 h. This response could be
attributable to differences in vaccine formulation and adjuvant
type used. Previous studies reported the NP vaccine to enhance
vaccine efficacy, humoral immune stimulation, and resistance to
Mh challenges (Hilgers and Snippe, 1992; Confer et al., 2003, 2006,
2009a, b, ¢). Haptoglobin is involved in the proliferation, activation,
and functional differentiation of B- and T-cells during the humoral
immune response to antigen stimulation (Heegard et al,, 2000;
Huntoon et al., 2008; Cao et al., 2020). Therefore, greater NP heifer
haptoglobin concentrations suggest that the NP vaccine potentially
elicited a more rapid innate immune response even when having a
lesser endotoxin concentration than OS or PS; however, further
research is warranted to understand this variation.

Like haptoglobin, ceruloplasmin decreases iron availability for
bacterial metabolism and propagation (Weinberg, 1984).
Additionally, ceruloplasmin increases antioxidant enzyme
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(cytochrome C oxidase and Cu-Zn superoxide dismutase) activity
via copper transportation, increasing immune cell phagocytosis
(Cerone et al,, 2000). Among vaccine treatments, ceruloplasmin
concentrations in the current study increased 8 h following
vaccination and remained elevated above the baseline through the
end of the study. A similar response was observed by Arthington
et al. (2013) following vaccination with OS. In the present
experiment, the NP heifers tended to have greater ceruloplasmin
concentration than PS heifers from 24 to 60 h with OS heifers being
intermediate. When microglial cells are activated by a pro-
inflammatory stimulus like endotoxin, ceruloplasmin potentiates
the production of IL-6 (Lazzaro et al., 2014), as reported in which
overall IL-6 concentrations were greatest in NP heifers.

4.6 Serum metabolites

Novel environments, handling, and vaccine administration are
potential psychological stressors that, when prolonged, activate the
hypothalamic-pituitary-adrenal complex and initiate release of the
glucocorticoid cortisol (Grossman et al.,, 1982; Knowles et al., 2014).
Throughout the current study, cortisol concentrations remained at or
near baseline, suggesting that neither the vaccine treatment, human
interaction, or serial blood collections elicited a stress response.
Cortisol is an important effector molecule of the acute phase
response (Werling et al,, 1996; Carroll et al., 2009) and has been
reported to inhibit proinflammatory cytokine production (Dong
et al., 2018). Intravenous endotoxin administration has been shown
to rapidly activate the sympathetic nervous system and acute cortisol
production (Smock et al., 2023). As vaccines were administered SQ in
the current study, it is not surprising that a lesser cortisol response
was observed in comparison to endotoxin challenges. Additionally,
the short half-life of blood cortisol (70 to 130 min; Tunn et al., 1992),
and negative feedback system of the hypothalamic-pituitary-adrenal
complex (Reader et al., 1982), suggests that blood cortisol may not be
the best indicator of long-term stress.

Stimuli such as hormones (i.e., glucocorticoids), cytokines, and
physiological state (i.e., a diseased state) stimulate hepatic
gluconeogenesis, thereby increasing circulating serum glucose
concentrations (McDowell, 1983; Williams et al., 2006). Previous
studies have identified elevated blood glucose concentrations as a
potential biomarker for BRD (Basoglu et al., 2016; Maurer et al.,
2018; Blakebrough-Hall et al., 2020). Challenges with Mh have
yielded variable results, with no difference (Word et al., 2020) and
increased (Wottlin et al., 2021) blood glucose concentrations being
reported. In the current study, NP heifers tended to have elevated
glucose concentrations. Among treatments, mean serum glucose
concentrations were 74.8 mg/dL and further suggest metabolic
stress from a lack of feed disappearance was minimal.

5 Conclusion

These data suggest that each commercial Mh vaccine elicited a
similar inflammatory immune response. Vaccine administration
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stimulated an inflammatory cascade, with neutrophil, haptoglobin,
pro-inflammatory cytokine, and anti-inflammatory cytokine
concentrations becoming elevated. It is important to note that
similar physiological responses were observed despite large
difference in vaccine endotoxin concentrations. Although select
immunological markers differed relative to vaccine treatment, it is
unlikely these differences resulted in biologically relevant
differences. Additionally, it cannot be inferred if these differences
were a product of endotoxin concentration alone, or rather an
artifact of adjuvant composition. Future research should further
investigate the short- and long-term metabolic consequences of
vaccination on nutrient metabolism and animal performance. Such
metabolic analyses could provide insights into potential trade-offs
between immune activation and energy allocation following
vaccination. Additionally, research is warranted to determine how
the effects of vaccine mishandling may alter endotoxin release and
contribute to exaggerated inflammatory responses. Moreover,
exploring the interaction between endotoxin concentration and
adjuvant composition could also clarify their individual and
combined roles in shaping immune and physiological responses
to vaccination.
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APPENDIX A Description of the clinical illness scoring system used to subjectively evaluate 32 heifers that received 1 of 3 commercial Mannheimia
haemolytica vaccines from d -7 to 7.

Variable
Repeated induced f singl
Cough None Single induced cough epeated induced cough of single Repeated spontaneous coughs
spontaneous cough
Nasal Normal Small amount of cloudy Cloudy or excessive mucous Copious mucopurulent
discharge serous drainage discharge unilaterally discharge bilaterally discharge bilaterally
1 L t of
O_cu ar Normal Small amount of discharge Moderate amount of discharge bilaterally érge amou'n ©
discharge discharge bilaterally
Stands with head and neck Stands with head and neck distended and
Posture Normal . . K Reluctant to move
slightly distended ears dropping
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